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SECTION I
INTRODUCTION
1.1 SCOPE OF REPORT
This is a final report on the C and X-Band Communications Transponder and
Test Set Program, prepared by the Space and Ww=entry Systems Division of
the Philco -Ford Corporation for the General Research Procurement Branch
of the NASA Manned Spacecraft Center. The report contains results of the
trade-off analysis of the communications link at C and X-Band, description
of the C and X-Band Transponder and Test Set, performance data, recommen-
dations for ,future effort, and pertinent technical materials.
1.2 SCOPE OF PROGRAM
The C and X-Band Transponder Program was contracted to Philco-Ford
Corporation for NASA Manned Spacecraft Center under the authority of
contract number NAS 9-5235• The program included a study and trade-off
analysis of the communications link at C and X-Band, development, con-
struction, and testing of a coherent C and X-Band Transponder and Trans-
ponder Tfs4 Set, and documentation of all effort.
The program was initiated December 28, 1965, and was completed on
October 31, 1967.
9	 1-1
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SECTION II
SCOPE OF EFFORT
2.1 INTRODUCTION
Philco-Ford, SRS, has supplied all effort required for the detailed
analysis of the C and X-Band communications link, design, development,
fabrication and testing of the C and X-Band Transponder and Transponder
Test Set. Specific accomplishments are as follows:
2.2 CCN WICATIONS LINK ANALYSIS
An analysis of the communiontion link has been completed which enables
trade-off decisions between C and X-Band. Specific factors included in
the analysis are the following:
a. Spacecraft and ground station receiver noise figures
at C and X-Band have been evaluates ► selective to their
effect on range.
b. Spacecraft and ground station transmitter output capabilities
at C and X-Band have been evaluated with respect to their
effect on range. Spacecraft transmitter input power require-
ments are DC power vs. efficiency; spacecraft size and weight
were also considered.
c. Spacecraft antenna size, weight, gain, and pointing con-
straints have been traded vs. the C and X-Band frequencies
considered for utilization„
d. The Manned Space Flight Ground Station Antenna gain and
pointing problems at C and X-Band have been thoroughly
investigated.
e. The effects of atmospheric attenuation on range at C and
X-Band has been studied, and path attenuation as a function
of rain, temperature inversion, etc., has been predicted.
2-1
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f. The available information on the effects of plasma and
fiame attenuation at the C and X-Band frequencies has been
assembled and presented.
The results achieved in this communications link study have been only
through the examination and analysis of currently available literature.
2.3, PROTOTYPE TRANSPONDER
The prototype transponder was developed utilizing some of the techniques
evaluated during the study portion of the program. The transponder is
capable of operation at either C-Band or X-Band frequencies by performing
four module substitutions and changing one additional connection.
The transponder design developed for this program is basically an up-
growth of the previously existing S-Band transponder developed by the Jet
Propulsion Laboratory (JPL) for the Mariner 64 Mars Program. It is a
dual conversion phase-coherent design utilizing a single RF carrier to
receive and transmit voice, ranging signals, and digital command or
telemetry data.
2.4 TRANSPONDER TEST SET
Performance evaluation of the C and X-Band transponder has required the
development of a Test Set. The Test Set is comprised of a Test Trans-
mitter,, Test Receiver and associated commercial power supplies and
required test equipment.
The Test set design is based on utilizing the prototype transponder
modules as basic building blocks. This approach provides maximum reli-
ability consistent with minimum cost. In both the Test Transmitter and
Test Receiver C or X-Band operation is achievable through front panel
switch operation which prevents the breaking of RF seals during con-
version from one frequency band to another.
2-2
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2
.5 WC11MTATION
The documentation provided during this developmental effort encluded the
following:
a. Monthly Technical Progress Reports
b. Final Report - rough draft
Prototype Transponder Instruction Manual
d. Transponder Test Set Instruction Manual
e. C and X-Band Communications Transponder and Test Set --
Final Report
•
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SECTION III
COMMUNICATION LINK ANALYSIS
OF C AND X-BAND OPERATING FREQUENCIES
3.1 INTRODUCTION AND SUMMARY
3.1.1 GENERAL
This section presents the results of the study performed to provide infor-
mation for subsequent trade-off analyses leading to selection of C or
X-band as the optimum operational frequency range to satisfy the ground
space communications requirements of future missions of the Manned Space
Program. The study consisted of a review of currently available literature,
determining the near-future availability and performance characteristics
of frequency-sensitive components, identification of constraints in
performance and operation due to frequency-sensitive parameters, and lastly,
a comparison of link performance at C and X-band frequencies for a
hypothetical ground-space communications link.
The study did not include any basic research. Analyses are bases upon
current technology and on the assumption that the ground-space-communica-
tions system, with the exception of equipment directly affected by operating
frequencies, would utilize the existing facilities of the Manned Space
Flight Network.
3.1.2 CONTENTS
First, a summary of frequency-dependent link parameters and their effect
on line performance is presented in this section. A more thorough dis-
cussion of each of the parameters is then presented in following sections
for those readers interested in detailed information.
3-1
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Paragraph 3.2 contains a summary of the frequency-sensitive parameters of
the groiA-ad-space communications link and presents several examples illus-
trating the effect of these parameters on the performance of the link at
C and X-band frequencies. Maximum range of communication for a given
signal-to-noise ratio -ems chosen as the parameter for comparison. The
examples illustrate the effect of system noise, antenna gain, transmitter
power, bandwidths and propagation losses. 	 I
Paragraph 3.3 includes a discussion of system noise sources and a definition
of noise temperatures representative of near-futures components of ground
and spacecraft receiving equipment.
Paragraph 3.4 contains a listing of the characteristics of near-future RF
power amplifiers for ground and spacecraft transmitters. It includes a
comparison of power outputs, size, weight and power consumption of devices
suitable for inclusion in spacecraft transmitters.
Paragraph 3.5 contains a discussion of ground and spacecraft antennas and
their effect on lf.nk performance. The problem of acquisition for both
ground and spacecraft antenna systems is discussed. Several types of
spacecraft antennas are described and their performance at C and X-band
frequencies compared.
Paragraph 3.6 describes the effects of the atmosphere on propagation of RF
energy at C and X-band frequencies. It includes a discussion of refraction,
absorption and scattering, and sky -temperature. Data is presented which
defines expected losses due to the above phenomena.
Paragraph 3.7 contains a discussion of the effect of the rocket flame
exhaust and of the plasma sheath on propagation at C and X-band
frequencies.
The reliability of the spacecraft equipment is discussed in Section 5.
3-2
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3.1.3 StIMRY OF RESULTS
Communications between manned spacecraft and ground stations of the Manned
Space Flight Network are feasible at near-earth and lunar ranges at either
C or X-band frequencies using state-of-the-art spacecraft equtvr"c:t and
unified S-band ground equipment modified for operation at the above
frequencies,, The following paragraphs summarize the relative effect of
the frequency-dependent parameters on link performance;
System Noise - Spacecraft receiver noise is virtually independent of fre-
quency. Ground receivers, which are equipped with parametric amplifiers,
suffer a moderate increase in noise temperature as frequency is increased,
i.e., noise temperature is increased by a factor of approximately 1.5 when
the frequency is increased from 2 to 10 GHz. Antenna temperature is
comparatively low at elevation angles above 10 degrees, except for periods
when the sun is in the antenna beam, and is generally considered to be of
secondary importance except in very low noise receiving systems.
Transmitter Power Output - Power amplifiers for ground transmitters are
currently available at both C and X-band frequencies and appear to have
little bearing upon the choice of operating frequency. However, power
amplifiers with output greater than 35 watts are not currently available
for spacecraft transmitters. Between 0.5 watt and 35 watts, TWTA's are
preferred as the transmitter power amplifier. Below this output level,
solid-state devices are preferred. This preference is based on size,
weight and efficiency considerations.
Antenna Parameters - Directional spacecraft antennas will provide a higher
link margin at X-band frequencies than at C-band frequencies. This is also
true, of course, for the MSFC ground antennas. However, if omnidirectional
or broad beamwidth spacecraft antennas are used, link performance is essen-
tially independent of frequency with the exception of rain attenuation.
The problem of acquisition may be compounded by the narrower antenna
TR-DA1565
beamwidths and higher doppler rates encountered at higher frequencies
particularly at X-band. This problem can be minimized by use of acquisition
aids and properly designed operating procedures. However, a detailed acqui-
sition study should be performed to verify this assumption.
Atmospheric Conditions - Atmospheric conditions can seriously degrade link
performance. This is particularly true at X-band,frequencies, where heavy
rainfall can result in a communications blackout. It is recommended that
a propagation survey be conducted at probable ground station locations
prior to a final selection of operating frequency.
Plasma Effects - Rocket exhaust will be of secondary importance in link
performance provided the vehicle antenna is located away from, the rocket
exhaust and the space vehicle-ground station line-of-sight does not lie
along the longitudinal axis of the space vehicle. During re-entry the
plasma sheath will cause a total blackout of communications between the
spacecraft and ground stations. The duration of blackout will, however,
be less at X-band than at C-band. Frequencies of 35 GHz, or greater, are
required to overcome this phenomena unless current efforts on magnetic
field or water injection techniques are successful.
9	
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3.2 SYSTEM PERFORMANCE VERSUS FREQUENCY
The various factors which would influence the selection of either C or
X-band frequency for communication between manned spacecraft and .ground
stations will be discussed in Paragraphs 3.3 through 3.8. Based upon this
information, we shall now examine the effect of these frequency-dependent
factors on the performance of the communications link.
A convenient method of comparison is to determine the maximum range over
which a given information bandwidth can be transmitted while maintaining
a constant SNR at the input to the receiver. Received signal power ,. Pri
may be expressed as
P -PtGtGr
r Ls Lt L 
Where
Pt = transmitter power
Gt ,Gr = transmit and receive antenna gain
Ls = feed system losses
Lt = free space attenuation
L = rain attenuation
r
and
47 Bt
 At
G  =
%2
4n Br
 Ar
Gr =
a
L = (4r R)2t
A.2
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I
where
Bt'Br = antenna efficiency
At ,Ar = transmit and receive antenna area
% = wavelength.
Receiver noise may be expressed
N  = k(Te + Ta ) B 	 (5)
where
k = Boltzmann's constant
T  = effective noise temperature of recei,er
Ta = noise temperature- of receive anteram
Bn = information bandwidth
and signal-to-noise ratio,
(S/R) = Pr	 (6)
Nr
Combining Equations (1) and (4) and substituting (2), (3), (5) and
(6), range may then be derived resulting in
1
Pt Bt Br At A 	 2
R =
	
	 (7)
k(Te + Ta )Bn Ls (SIN) L  X2
Examination of the above equations for range reveals the link is vir-
tually independent of frequency if one of the antennas is gain-limited
rather than area-limited, i.e., gain remains constant rather than in-
creasing as a function of frequency. In practice, this is only true when
rain attenuation and absorption noise are negligible and for pre-
amplifiers whose noise temperatures do not increase with frequency.
If the transmit antenna is gain-limited to 0 db, the expression for range
becomes	 1
R	 Pt Br A 
	
z	 (8)
k(Te + Ta )Bn Ls SIN L 
3-6
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The temperature of the ground, receiving system consists of the sum of the
various noise sources which are plotted vs frequency in Figure 3-1. The
effect of noise temperature ca maximum communications range of the down-link
is shown in Figure 3.2 as a function of frequency for both an area-limited
and a gain-limited spacecraft antenna and the link parameters as listed.
As can be seen from the figure, ground stations equipped with maser pre-
amplifiers offer superior performance when compared to those equipped with
paramps. Further, the maximum range with a maser is virt-utally independent
of frequency, whereas with a paramp, the range is decreased by a factor of
about 1.5 when the frequency is increased from 2 GHz to 10 GHz. The
improvement obtained with an area-limited spacecraft antenna, whose gain
increases with frequency, over a gain-limited antenna is significant and,
for this case, varies from about a factor of 6 at 2 GHz to a factor of
about 30 at 10 GHz. Figure 3-3 shows the effect of spacecraft receiver
noise figure on the maximum communication range of the up-link. The
curves indicate that, over a range of practicable values, ree pi..ver noise
figure has a secondary effect on system performance. 'In addition, the
frequency dependency of the spacecraft mixer preamplifier has a negligible
effect on system performance.
Figures 3-3 and 3-4 show the effect of the ground and
power output on maximum communication range of the up
respectively, for the listed link parameters.
Figures 3-5 and 3-6 show the effect of spacecraft and
on maximum communications range of the down and up-lii
for the postulated link parameters.
spacecraft transrri tier
and down—links,
ground antenna diameter
nks, respectively,
Figure 3-7 shows the effect of system noise bandwidth on maximum communi-
cations range. System capacity, or maximum allowable information rate, may
be obtained from Shannen's Channel Capacity Theorem,
0
P
H=Bnlog2 (1+ KTe + r TaBn
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Figure 3-2	 RANGE 'VS. FREQUENCY FOR MASER AND PARF+MP EQUIPPED
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where
H = theoretical maximum information rate, bits per second
relates information rate to noise bandwidth and SNR.
Figure 3-8 shows H vs B  for various received signal levels, using a system
noise temperature of 3000K. Although it is theoretically possible to
transmit any amount of data, provided sufficient signal power is available,
it can be seen from Figure 3-8 that maximum data rates increase slowly with
signal power once a 10-db SNR has been achieved. In addition, the maximum
data rates flatten rapidly when the bandwidth is increased beyond the 10-db
SNR line of Figure 3-8. System capacity for any bandwidth may be obtained
from the 10-db S/R line of Figure 3-8. It should be noted that these
information rates do not consider improvements in system capacity which can
be effected by processing the signal at the transmitting and receiving
termf.nals.
Figures 3-9 and 3-10 show the effect of precipitation on the communications
range of the postulated system. Figure 3-9 gives the maximum communication
range achievable at various rainfall rates and indicates that rainfall rates
excee(ing 60 mm/hr can result in loss of communications at X-band frequencies.
Figure 3-10 shows the maximum communications range attainable for a given
length of time using a station at Ascension Island and a station at
Tokyo, Japan. The figure indicates system performance with a station
located in an arid area is virtually independent of atmospheric conditions
whereas performance with a station located in a area of moderate to heavy
rainfall Is degraded a significant amount of time, particularly at X-band
frequencies.
Table 3-1 indicates the influence of various factors on range at C and X-
band. The contents of the table were taken directly from curves 3-1 through
3-10. The ranges indicated represent specific cases where, in each case,
certain parameters are fixed. If the table is used to compare C and X-band
performance, the range represents a measure of the capability at C or X-band.
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Table 3-1
Influence of Some Parameters on RangegC and X-Band
i
r
Function Ra a KilometersC -Bandz X- an GHz
Transmit Antenna Fixed Area
106 .8.0 106Maser 4.5 x x
10Paramp 3.0 x 10 5.2 x
Transmit Antenna Fixed Gain
2 .7 x 105 2.6 x 1G5Maser
P aramp 1 .8 x 10 1.4 x 10
NTransmit Antenna Fixed Area
108 108Transmit Power = 100 kw,
Transmit
of = 8 db 3.5 x 7.0 x
Power = 10 kw, of = 8 db 1.1 x 10
107
2.3 x 10
107Transmit Power = 1 kw, of = 8 db 3.5 x 7.0 x
Transmit Antenna Fixed
Transmit Power =
Gain
100 kw, of = 8 db 2.4 x 106 2.4 x 106
Transmit Power = 10 kw, of = 8 db 7.2 x 106 7.2 x 105
Transmit Power = 1 kw, of = 8 db 2.0 x 10 2.0 x 10
Satellite Power
100w 3.6x1077 2.1x107
35w 2.3x10 1.'x10
10610 w
3 w
1.0
6.1
x
x
106
106
6.6
3.6
x
x 105
1 w 3.5 x 106 2.1 x 106
0.25 w 1.7 x to 1.0 x 10
Spacecraft Ant,:nma Size
10 ft. 8.o x lob 1.3 x 106
5 ft.
3 ft.
4.o x
2.5 x
lob
10 6
5.9
4.4
x
x
106
lob
1 ft. 0.86 x 10 1. 4 x to
Ground Antenna Size
108 10885 ft. 3.8 x 7.0 x
6o ft. 2.7 x 108 5.0 x 108
4o ft. 1.7
8.2
x 10
107
3.2 x 108
20 ft.
10 ft. 4.o
x
x l07
1.5 x 10
0.74 x 108
Noisebandwidth
10 Hz 1.8 x 108 3.4 x lob
103Hz 5.6
1.8
x
x
l07
106
1.1
3.4
x
x
lo,
107
104 Hz10 Hz 5.6
1.8
x lob 1.1
3.8
x 106
106H z
^	 0 Hz 5 .6
x
x
105
10 1.1
x
x
lob
10
•
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Table 3-1 (Continued)
Influence of Some Parameters on Rangep C and X-Band
a.
Function Range KilometersC-Ban	 GHz -Band 9 GHz
Rain
0 mm/hr 2 .6 x 106 4.6 x 106
10
20
mm/hr
mm/hr
2.5 x
2.4 x
106
106
3.9 x
3.0 x
106
106
40
60
mm/hr
mm/hr
2.0 x
1.8 x
106
10
1 .7 x
0.9 x
106
10
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3.3 SYSTEM NOISE
This section defines system noise, its sources, and the near-future
noise temperatures of typical ground and space receiver components.
3.3.1 IMODUCTION
Satisfactory, utilization information from detected electromagnetic
radiation generally requires a minimum output signal-to-noise ratio (SIN)
of from 5 (7 db) to 1.00 (20db) depending on the type o:' modulation em-
ployed. Thus, system noise is an important factor in the design of re-
ceiving systems for ground-space communications links since the received
signal level is limited by constraints on the effective radiated power
of the spacecraft. The SIN ratio, from equations (5) and (6) in
Paragraph 3.2, may be expressed as
P	 P
S/N=	 r	 or rK(Te + Ta)Bn Ls	 Qn B 
where
Pr = received signal power, watts
Qh = receiver effective noise density, watts/Hertz
Bn = .receiver noise bandwidth, watts
Te = excess receiver noise temperature, degrees Kelvin
Ta = effective antenna noise temperature, degrees Kelvin
(use 2 Ta if receiver is not image blocked)
k = Boltzmann's coistant, 1.38 x 10-23 watt-seconds per
degree Kelvin
L = feed system loss factor ( >1) including line losses,
polarization losses, etc.
3-21
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The excess receiver noise temperature, T e, also may be written
T  = (F
-1) To
where the receiver noise factor is defined by
(S/N)0
F =
S N
A.
(SIN)o= output signal-to-noise ratio,
(SIN) i= input signal-to-noise ratio
f
(10)
Generally the gain of the initial amplifier of the receiving system is
high enough that noise contributions of succeeding amplifier stages
are negligible. If this is not the case, then
Te = (11, - 1)To + F2 - 1 To (11)
C	 where	 F1 = noise factor of the initial amplifier
G1 = gain of the critical amplifier
F2 = noise factor of second amplifier
Receiver excess noise temperatures are discussed in more detail for
state-of-the-art receiving saems in subsequent paragraphs.
From the above definitions, it is evident that system noise places a
lower bound on the SIN ratio, and hence the capacity (for a given quality
of transmission) of a communications system. This factor is much less
critical for the uplink, where ground transmitter power can be increased
to achieve the desired SIN ratio, than it is for the downlink, where the
transmitted power is restricted by spacecraft constraints placed on
size, weight and power consumption. For a given required signal-to-noise-
E
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Pr = K(Te + Ta)%(S/N)req. watts
	 (12)
and for a given transmitted power it is
P = Pt Gt ( A 	 ) watts	 (13)
r 
-7
0'_	
4,mR2_'
where
(S/N)req. = required SIN ratio (dependent on the t	 of
modulation and/or allowable error ratese
Pt = transmitter signal output, watts
Gt = tran !--nitting antenna gain relative to isotropic
LS = system loss factor due to cables, polarization, etc.
A  = effective area of receiving antenna
4TtR2 = area, of sphere with radius R, where R is the
trar,.,smission distance.
This, the maximum range of communications is directly proportional to
2(	 ) , i.e., maximum range of communications for a given SIN ratio :Tj,l'.
increase as system noise temperature is decreased. Examples which il,L,Ic,
trate this relationship are given in Paragraph 3.2.
3.3.2 ANTENNA TEMPERATURE
The volume of space determined by the directional characteristics of an
antenna is a source of noise which can be of significance in low noise
receiving systems. This noise includes cosmic noise at temperature T 
(essentially negligible at the frequencies considered here), atmospheric
noise at Tatm due to absorption losses, Latm, and noise at temperature Th
caused by side and back-lobe radiation. The effective space noise tempera-
ture due to cosmic noise and atmospheric noise is given by
TS = T  + (Latm - 1)Tatm
3-c3
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and is plotted vs. frequency for several elevation angles in Figure 3-11.
The curves of the figure show that the effective space noise temperature
at C-band frequencies is less than at X -band frequencies. Therefore, for
a given antenna, operation at 8 GHz would increase recei,:''--zg system
effective noise temperature by approximately 40° at 0° elevation angle
over the noise temperature achieved by operating at 4 GHz.
Other sources of space noise include the sun and the moon. The sun subtends
an angle of approximately 2°. Thus, the sun noise temperature, when observed
with an antenna with a beamwidth greater than 2°, is Tsun = (290)(675)/f,
where f is frequency in GHz. For an antenna with a beamwidth, 9, greater
than 2°, the observed sun noise temper,,4ture becomes, T - Tsun (^-)2,
Solar noise intercepted by the main beam of a 30-ft. antenna results in
antenna temperatures exceeding 10,000°K over the region of interest. The
antenna temperature is below approximately 50°K if the sun is more than
about one degree from the main beam at frequencies above 5 GHz (1)
Measurements of lunar brightness indicate the lunar temperature ranges from
100 to 300°K with a mean of about 125°K. Thus, lunar blackbody noise can
be a significant factor if the moon falls within the main beam of the antenna.
Table 3-2 lists antenna temperatures which are representative of the
Unified S-Band anteinas which will be used during the Apollo Program. Another
source of noise for ground a%hennas is the brightness temperature of the
F
•
atmosphere along the propagation path. This noise
elevation angle and frequency. For 5° elevation.,
approximately 200K for 3 GHz and 300K for 10 GHz.
the brightness temperatures are 5°K for 3 GHz and
this factor is negligible.
source is a function of
the temperature is
Above 30° elevation,
80K for 10 GHz2 . Normally,
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Table 3-2
Apollo 30-Ft. Antenna Noise Temperatures at S-Band Frequencies
40^
t
T Parametric T T , with
Conditionoa K
Amplifiero&
Receiver( K) KO
Cooling of
Preamp( K)
Cgoled Ts
(K)
Zenith, quiet
slay 65 168 233 35 100
Horizon 185 168 353 35 220
Zenith, quiet
sky with moon
in view 83 168 251 35 118
Ta = antenna noise temperature
Ts = effective space noise temperature
Tr = effective receiver noise temperature
Data from Proceedings of the Apollo Unified S-Band Technical Conference,
July 14-15, 1965; Goddard Space Flight Center, NASA SP 87. (2)
s	
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3.3.3 SPACECRAFT RECEIVER NOISE
Spacecraft receiver noise powers are comparatively high since restrictions
placed on size, weight, power consumption and reliability of spacecraft com-
ponents generally preclude use of very low noise components, such as
parametric amplifiers. The following paragraphs describe state-of-the-art
spacecraft receiver components and noise temperatures which can be expected
with these devices.
3.3.3.1 Receiver Mixer/Down-Converter
The basic input stage for the spacecraft receiver is a mixer/down-converter
consisting of a balanced diode mixer followed by a low-noise amplifier.
This configuration is usable with or without a preamplifier. The noise
figure of this stage is the receiver noise figure, F,.
FA + Fd-1
Fr 	 G
m
where F is the noise figure of the amplifier stage, F is the noise figure
A	 d
of the mixer diode, and m is V,e mixer gain. Fr can be reduced by
minimizing FA for the amplifier. Operation of the spacecraft receiver
usually requires that a preselector filter adds from 0.5 to 1.0 db to the
receiver noise figure. Typical noise figures of 8.5 db are achievable for
mixer/down-converters in the 4 - 10 CtHz region. For example, the mixers
manufactured by International Mier-wave Corporation are specified at 8.5
db through 9.6 GHz with the noise figure increasing with frequency to 13 db
at 35 GHz. In the performance estimates below, F r is considered to be 9.5
db including the preselector filter insertion loss.
New types of diodes, called Schottky or hot carrier diodes, have been
developed and yield a considerable improvement in mixer system noise figure(3).
Typical experimental results are plotted in Figure 3-12 for mixers using
Schottky diodes and for mixers using commercially available silicon point
contact diodes. Wells and others have reported development of Schottky
devices which give overall receiver noise figures of 5.5 db at X-band,
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including the +0.5 db noise contribution of the IF amplifier.
3.3.3. 2 ,Amplifiers
Data from several sources have been obtained on tunnel diode amplifier
performance. Figure 3-13, showing the performance of four tunnel diodes
using G  and %Sb diodes at center frequencies, was obtained from the
Phil:co Voyager communication subsystem design effort. Figure 3-14 shows
the specified noise figures for amplifiers manufactured by Aertech,
International Microwave Corporation, are: ZIlierce'tate Electronics Corporation.
Amplifiers presently available for use in the 4.4-5.0 GHz band include the
Aertech T6504, the Microstate NTAC-4700-B, and the International Microwave
ACP-4?00-20. The T6503 has a 4, .Ub noise figure and 15-db gain. The
NTAC-4700-B has a 4.2 -db noise figure and 17-db gain. The ACP-4700-20 is
a two-stage amplifier with 20-db gain and a 5.0-db noise figure. Weights
are 10 ounces (not including environmental packaging)-for the Aertech unit
and 24 ounces including packaging and power supply for the Microstate device.
Typical performance in X-band is illustrated by the Aertech T7503 (8.3-9.6
GHz ) 15-db gain, 5.5-db noise figure, 6 ounces), the Microstate NTAC 9500B
(9.4-9.6 GHz, 19-db gain, 4.5-db noise figure, 8 ounces) and 1-,he Melabs
A-5909 (8.5-9 .6 GHz, , 16-db gain, 4.4-db noise figure, less than 8 ounces).
A detailed list of available tunnel diode amplifiers covering all frequencies
from 0.25 GHz to 19.0 GHz is contained in "Tunnel-Diode Devices", Microwaves,
July 1965, pages 32-37 (Reference 4). Examination of this list supports
three general conclusions concerning tunnel diode amplifiers:
a. Noise figure increases slowly with increasing frequency
b. The gain usually increases and noise figure decreases with
decreasing bandwidth
a. Device weight decreases with increasing frequency.
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Other possible low-noise amplifiers include parametric amplifiers and
traveling wave tubes. Questions of reliability, weight, power and magnetic
fields tend to eliminate these amplifiers from consideration in spacecraft.
Parametric amplifiers offer a lower noise figure than tunnel diode ampli-
fiers because they can be cooled to cryogenic temperatures; but their
complexity and power requirements override this performance advantage.
Traveling wave tut amplifiers with noise figures as low as 7-10 db in
C-band and X-band are available from Watkins-Johnson and other manufacturers.
The WJ-286 offers a TWTA with a typical noise figure of 7.0 and maximum at
8.0 db between 4 GH:: and 8 GHz. The WJ-287 at X-band is typically 8.5 db
with a maximum noise figure of 10 db. Over a narrow frequency range,
noise figures as low as 5.5 db are possible. Either tube weighs 17—pounds
including power supply. Disadvantages are the weights of the tubes and
any magnetic shielding needed to prevent magnetic interference with sensors.
3.3.3 . 3 Spacecraft Receiver System performance
The noise figure of three possible spacecraft receivers has been cz,Inuted
to show their performances in a ground-space data link. To provide a
basis for comparison, the performance of a receiver with Fr = 9.5 db
and no preamplification was calculated. System noise temperatures were
also computed for systems using this receiver for a 4.2 db TDA with 17-db
gain at C-band, and for a 4.5-db TDA with 19-db gain at X-band. Antenna
temperatures were taken as 160K corresponding to cold sky and as 1000K
for a directive antenna aiming at the earth. Line losses of 2 db, 6 db
and 10 db were used in the evaluation to represent losses using waveguide
and short and long runs of coaxial line. Table 3-3 shows the results.
t
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3.3 • k QOURND APICENIIm SYBTHd PERFOwgNCE
Ground receiving systems generally are not constrained by size, weight,
power consumption and reliability of components, and therefore, are
capable of achieving much lower noise temperatures than spacecraft re-
ceiving systems. Thus, factors such as antenna temperature and line
losses (see Paragraph 3.3.2) become significant factors in determining
total system noise power. In fact, antenna temperature and line losses
can become the predominant source of noise temperature if the best maser
is used as the preamplifier. The discussion which follows describes the
various types of preamplifiers and the system noise temperatures attain-
able with these devices. Figure 3-15 is a plot of receiver noise power
density vs antenna temperature for several values of receiver noise
figure.
3.3.4.1 Ground Receiver Preamplifiers
Maser. The maser offers the lowest device noise temperature if the
system can be equipped to provide the necessary cooling. BrWV
states that noise temperatures as low as 5°K are obtainable with a
traveling wave maser over the frequency region of interest. The use of
a maser requires a liquid helium cooling system with associated problems
of maintenance and of helium supply. To gain full advantage of the low
noise temperature, it is desirable to cool any lossy e7 ents between
the feed and the maser. Either a heavy permanent magnet or a high-
current electromagnet is needed for the maser. These requirements
would make masers of limited applicability for many sites.
Parametric Amplifier. A parametric amplifier can achieve noise
temperatures competitive with masers without the need for a, high magnetic
field. Depending on the complexity tolerable in the system, parametric
amplifier noise temperatures as low as 20oi- can be obtained. Figure 3-16
shows the performance of cooled and uncooled parametric ampl.Lfiers and
other low-noise amplifiers as a function of frequency. (61T)
0
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The Apollo S-band p aram s and receiver combination has a 168°K noiseP	 P	 P
temperature without cooling. It is possible to achieve a comparable
noise temperature at C-band without cooling if a sufficiently high
u
idler frequency is used,-as in the Anr200 series of paramps. At X-bard,
cooling of the paramp and circulator would be necessary to achieve 1.vjJ
temperatures. Figure 3-17 shows performance of t ypical manufactured
parametric amplifiers of the 1 - 10 GHz frequency , range.
Tunnel Diode Amplifiers. It is possible to use the same kind of turu,sl
diode amplifier on the ground and in the spacecraft. The description and
performance information of Paragraph 3.3.3.2 is applicable here. The
TDA's makes it less attractive than the amplifiers for ground use since
it is susceptible to diode damage if the input power exceeds a few milli-
watts and it does not achieve as low a noise figure.
Traveling Wave Tubes. Low noise traveling wave tubes are of possible
value on the ground as either a first or second stage of amplification.
The achievable noise figure is higher than for a paramp and therefore
the TWTA would be more useful as a second stage following a paramp or
maser where its high gain could be utilized.
4
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3.3.4.2 Ground Receiver System Performance
The evaluation of ground receiving system noise power which follows is
based upon To = 290°K and line losses of 1.0 and 1 . 5 db at C and X-band
frequencies, respective' V.
Three antenna temperatures have been used in the system noise computations.
A temperature of 10°K represents conditions when'the antenna is at a high
elevation angle, with neither the moon nor the sun in . the antenna beam.
When the antenna is aimed at a l low angle, ground reflections and atmospheric
noise temperature combine to yield an antenna temperature of 100 0K for a
typical antenna. If the :noon is in the antenna main beam and the antenna
is at a low elevation angle, the total. antenna temperature can be as high
as 200°K. These values are representative of the system in which the C and
X-band transponder would be used.
Table 3 -4 shows the system noise temperatures attainable at C-band for
five cases: a 9.5-db receiver only, or preceeded by a 6.0-db 1 VT pre-
amplifier with 30-db gain; a 1.8-db uncooled parametric amplifier;
a 3.5°K cooled paramp; or the 6.0-db TWT and receiver preceeded by a
60K maser. Maser and paramp gains of 18 db are assumed, and the line loss
and antenna temperatures are as given above.
Table 3-5 shows the system t oise performance at X-band for five cases
with the stated antenna tem-leratures and line losses. A 9.5-db receiver
is considered alone, with a 7.0-db TWT with 30-db gain, with a 3.0-db
uncooled paramp with 15-db gain, and with a 1.0-db paramp st 15-db gain
with liquid nitrogen cooling of the varactor. A combination of a 60K
maser with 18-db gain and a 7.0-db TWT is also evaluated as the input to
the receiver.
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Receiving System System Noise Temperature (°K)
L	 = 1.5 db, L	 = 1.5 db, L	 = 1.5 db,
Ta	 0K Ta = 10 0°K Ta = 200°K= 10
9.5 -db Receiver 2395 2459 2530
7.0-db TWT with
9.5-db Receiver 1255 1319 1390
3.o-db Parametric
Amplif ier with
9.5 -db Receiver 455 519 590
1.0-db Cooled Paramp
with 9.5 db Receiver 239 303 374
60K Maser with 7.0 db
TWTA Preceding Receive 135 199 270
3 -4o
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Table 3-4
C-Band Ground System Noise Temperature
Receiving System6	 Y System Noise Temperature (°KY	 P	 l)
L=1db, Lw=1d$, L=1db)
Ta= 10°K T3= 100 K °KTQ=200
9.5-db Rec e iver 2360 2432 2511
6.0-db TWT with
9.5 -db Receiver 936 1010 1089
1.8-db Parametric
Amplifier with 9.5-
db Receiver 253 325 4o4
35°K Cooled Paramp
with 9.5-db Receiver
60K Maser with 6.0-db
136 208 287
TWT Amplifier 92 164 243
Table 3-5
X-Band Ground System Noise Temperatures
f{
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3.4 TRANSMITTER POWER CONSIDERATIONS
This section includes a description of various types of RF power amplifiers
applicable for use in spacecraft and ground transmitters. Several types of
amplifiers are compared and conclusions stated for their areas of applica-
tion. Also included is a brief discussion of the effect u2 transmitter
power on link performance.
3.4.1 GENERAL
The maximum range of communication for a given SIN ratio is directly
proportional to the square root of transmitter power, as can be seen from
the equations of Paragraph 3.3.1. Assuming that all other parameters of the
link equation are invariant and collectively are equal to a constant, K,
the relationship is Pt 112 R2/K. Maximum range vs frequency for a hypothetical
link is classified for several values of transmitter power in Paragraph 3.2.
This example plus the information contained in the succeeding paragraphs
indicate existing C and X-band RF power amplifiers satisfy the communications
requirements for existing and near-future manned spacecraft missions.
Potential problem areas for spacecraft transmitters are satisfying
requirements for deep space missions and missions requiring real-time
information bandwidths about 4 MHz. However, high-power RF power vacuum
tube amplifiers for spacecraft applications can be developed using existing
technology and the constraint would more likely be the spacecraft primary
power source rather than the transmitter.
3.4.2 SPACECRAFT TRANSMITTERS
Feldman (8) has made a comprehensive study of RF power-generating devices
suitable for use in a spacecraft transmitter operating at C and X-band
frequencies. For intermediate power levels (up to 35 watts), his study
shows that the TWTA is the most effective vacuum tube for space transmitter
applications. Nigher power output devices for operation at C and X-band
frequencies, either cross-field devices, such as the amplitron, or
3-41
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staggertuned multicavity klystrons may compete with the TWTA, but require
significant development and demonstration testing. Further development
of the amplitron used in the transmitter of the Lunar Excursion Module
(25-watt output at 25% efficiency at S-band) may lead to additional use of
this,device in future space programs. Thus, from the standpoint of size,
weight, bandwidth, efficiency and reliability, the TWTA appears as the
preferred vacuum tube cuVput amplifier for manned, spacecraft transmitters.
However, careful attention must be given to other parameters such as
sensitivity to variations in drive levels, AM to PM conversion, gain and
phase linearity, magnetic moment, etc., for particular applications--this
is especially significant for operation with multiple signals.
The TWTA provides best over-all performance when it is operated in the
saturated gain region. A low , level, constant amplitude drive signal is
normally provided by a solid-state amplifier and varactor multiplier
chain to drive the tube into saturation. Table 3 -6 lists pertinent
characteristics and status of X-band TWTA's applicable for use in space
communications transmitters. It should be noted that SUM (single reversal
permanent magnet) focusing is being replaced by PPM (periodic permanent
magnet) focusing. The C-band TWTA currently operating in Syncom, the
Hughes`349, is an SRPM type and hence will probably be replaced by a PPM
type at.some future date. Table 3-6 also lists weights of C-band•tubes,
estimated for PPM focusing.
Solid-state amplifier/varactor harmonic generators offer size and weight
advantages over TWTA's at low power output levels. This is illustrated in
s figures 3-18, 3-19, and 3-20 which show, respectively, efficiency of repre-
sentative TWTA's, efficiency of transistor amplifier, driver and varactor
multiplier chains using near-future solid-state components and the locus
of efficiency for TWTA's and the solid-state devices. Weights of traveling
wave tube and solid state transmitters vs. output power at 5 Lad 8 GHz are
shown in Figure 3-20. Based upon Figures 3-20 Pnd 3-21, it appears that the
solid-state transmitter is preferred at output powers less than 0.5 watt
and the traveling wave tube transmitter for output powers greater than
3-42
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IT	 0.5 watt for C and X-band applications. The performance of both types of
transmitters has been demonstrated in current programs such as Syncom, Relay,
Telstar and LES-2.
The rapid advancements in solid-state microwave tetchnology, typified by
Refetcences 9 through 16, will require periodic updating of the above;
estimates. Figure 3-22 taken from Reference 17, shows the increase in
rower output vs frequency state of the art from June 1964 to December 1965„
The transistor plus varactor output power curves are derived using parallel
transistor amplifiers to drive varactor multiplier chains. This techniques,
although capeyble of producing power outputs comparable to TWTA's, is not
likely to be used for spacecraft transmitters due to reliability and power
consumption considerations.
One must also consider the development of devices utilizing the Gunn effect
(18). At the 1965 Electronic Devices Meeting held in Washington, D. C.
in October 1965, Dow, Mosher and Vane reported achievement of pulses
greater than 100 watts at 1.1 GHz using a GA device. Other researchers
reported achieving CW output powers of several milliws"'°ts at frequencies
ranging from 1 to 8 GHz. The consensus points to a significant increase
in CW output power at C and X-band frequencies with these devices as
further research is performed. However, it is premature to speculate if
and when these devices will become serious competitors to transistor
amplifier, driver and zraractor multiplier chains or TWTA's for components
of spacecraft transmitters. Reference 19 contains a complete listing of
1965 state-of-the-art semiconductors. For near-future applications, the
transistor amplifier, driver and varactor multiplier chain best satisfies
the low power requirements (below 0.5 watts) for a spacecraft transmitter.
At intermediate power levels (0.5 to 35 watts), the TWTA is the most suitable
device when used in conjunction with a low-level output solid-state driver.
For power output levels above 35 watts, a vacuum tube amplifier must be
employed--either a TWTA, amplitron or a klystron could be used but all
will require development and demonst: tion testing.
0
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A choice between C and X-band frequencies based upon spacecraft transmitter
parameters is difficult; for Folid-state transmitters, C-band has an
efficiency and weight advantage whereas the traveling wave tube transmitter
offers a size and weight advantage at X-band frequencies. Hence, for power
output levels less than 0.5 watts, C-band frequencies would be preferred
and at oixtput levels greater than 0.5 watts, X-band frequencies would be
preferred. The choice of frequency is thus somewhat arbitrary and will
depend upon the selection of link parameters, particularly spacecraft
power output levels.
3. 4 .3 GROUND STATION TRANSMITTERS
The power handling capabilities of ground station transmitters is basically
determined by the power amplifier utilized as the output stage of the
transmitter. Four types of tubes are currently in use as power amplifiers;
the tetrode, the klystron, the traveling wave tube (TWT), and the crossed-
field amplifier (CFA). The tetrode is to the class of negative grid tubes
anr?, usually is restricted to applications below 1 GHz and will not be
^_-onsidered for use at C and X-band frequencies in the following discussion.
The three remaining types of tubes each have a parameter which generally
determines its area of application. Thus the broad bandwidth of the TWT,
the high average power capability of the klystron and the high efficiency
of the cross-field amplifier are the parameters which most often decide
which type of tube will be used for a given application. Of course other
parameters also enter into the selection of a tube for a given transmitter,
i.e., gain., size, weight, cost, cooling, phase linearity, phase and gain
stability, etc. In areas of overlap of the basic parameter of advantage
of each tube type, the tube selection will be based upon an over-all comparison
of all the parameters of a given tube for a given application. The
parameters of advantage have been summarized (20) and are presented in
Table 3-7. Figure 3-23 gives bandwidth vs. power for the three types of
amplifiers. In addition to the above tube types, hybrid klystron-TWT
combinations have been receiving considerable attention. Scant infocLuat ion
is currently available on this configuration, although experiments indicate
3-50
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this combination of tubes will be capable of generating megawatts of
power at micro—R-e frk:quencies.
Based upon the preceding discussion, there would be no difficulty in
developing adequate amounts of power for the uplink at either Q or
X-band frequencies. Hence, selection of the best type of tube to use
for this given application is the major problem in teimis of ground
transmitter design. Thus, the ground transmitter limitations have
little bearing on the choice of operating frequency,
s
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3.5 ANTENNAS
A trade-,pff comparison of spacecraft antennas designed for operation
at C-band and X-band frequencies must consider antenna gain, beamwidths
and pointing accuracy, surface accuracy, antenna weight and size, an4,
effects of antenna performance on communication range and signal-to-
noise ratios. The comparison which follows is lirAited only to those
type antennas deemed most suitable for manned spacecraft applications.
3.5.1 SPACECRAFT ANTENNAS
Spacecraft antennas may be 4ivi0ed into two categories according to
their angular coverage patterns:
a. Omnidirectional
b. Directional.
An omnidirectional antenna may be utilized if communication is desired
over a large range of spacecraft orientations without having to re-
orient the antenna and if low gain is acceptable. The directional
antenna offers high gain but requires the antenna beam to be directed
toward the ground station. Surveys of state-of-the-art antennas are
contained in References 24 and 25.
3.5.1.1 Omnidirectional Antennas
At the frequencies considered here, the sizes and weights of omni-
directional antennas are small. Many detailed specifications of these
devices depend on the spacecraft design; however, general parameters
can be stated for several manufactured antennas as examples of
anticipated characteristics. Three of the omni-antennas commonly used
in space applications are the slot, the biconical, and the spiral. A
slot antenna is linearly polarized. Circular polarization is available
from crossed slots or open-ended guide, square or circular. The
biconical antenna radiates in a toruidal pattern approximately normal to
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the cone axis, although changes in the slopes of the cones can move the
pattern into a conical toroid symmetrical to the antemi.4 axis. The spiral
antenna in&.ates a circularly polarize,l pattern normal to the plane of the
spiral. The conical spiral will develop even broader coverage.
The spiral antenna 3s inherently broadband; it would be possible to have
a single antenna operate over the entire C-band a4d X-band regions. With
each of these antennas uhe gain can be up 3-4 db over the gain of an
isotropic antenna.
3.5.1. 2 Directional Antenna
Parabolic reflectors and vrrious phased arrays are used to provide
directive antenna beams with high gain. The gain of a parabolic antenna
is directly proportional uo the effective aperture area and to the square
of the operating frequency. Assuming an illumination factor of 0.54, the
apparent power gain of a parabolic reflector becomes G = 0.54(rrD/X2)2.
Gain and beamwidth vs. frequency for various antenna diameters are shown
in Figure 3-24. An important system design consideration with a parabolic
antenna is gain vs. achievable antenna pointing accuracy. For a given
feed taper and f/d (focal length, to diameter ratio), the antenna pattern
(normalized in terms of the 3-db beamwidth) is essentially constant, Thus
for a given antenna diameter, the loss in power gain due to pointing
errGs will increase as the operating frequency is increased. Two other
factors affecting the specificat.'Lon of parabolic antennas are the varia-
tion of antenna weight with diameter and the feed size, and the influence
of surface roughness on sidelobe level and gain. Although the weight of the
reflector material varies as the square of the diameter, the weight of the
entire antenna increases as approximately the 2.4 power of the diameter
due to additional structural requirements. Feed diameter is inversely
proportional to the frequency; therefore, the feed weight and operative
blocking area vary inversely with the square of the rrequency. Liss due
to surface scattering becomes appre -1 table when the RMS roughness of the
reflecting surface is as large as 1/16 to 1/18 of the wavelength of the
reflected signal. Using a typical value of 2 as the roughness
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criterion
.
, the RMS sttxface accuracy must be no taore than 0.197 inches.nch  at
5 GHz and 0.098 inches at 10 GHz.
Table 3-8 gives a comparison of C and X-band parabolic antennas with equal
gains and, as indicated, the weight of the C-band antenna is approximately
twice that of the X-band antenna.
If RF tracking is used (monopulse), the tracking errors can be considered
as zero as far as loss in gain maximum is concerned. This is
because in each case, the weights are so low and the tracking rates are
so extremely low that the antenna will be kept nearly on boresight. If
RF tracking is used, an additional 10 pounds should be added to the above
weights for both bands. An additional 12-watts of primary power would
also be required.
Table 3-9 gives a comparison of C and X-band parabolic antennas of equal
diameter and, as indicated, the gain of the X-band antenna is 6.5 db
greater than that of the C-band antenna while the beamwidth at X-band is
approximately one-half the beamwidth at C-band frequencies. Again, about
10-pounds additional weight and 12-watts primary power will provide 9
monopulse autotrack system for developing error signals to drive the
antenna servo. Under this condition the tracking error is essentially
zero.
Phased arrays combine the output of multiple radiating elements to achieve
a narrow beam. By varying the relative phase of signal q to the radiating
elements, the direction and the beamwidth gain of the antenna radiating
pattern can be changed as desired. Major drawbacks of phased arrays are
power handling limitations and phase stability problems in the switching
networ?r. and reliability of the entire array. Among unclassified examples
of phased arrays for space use are the Surveyor S-band antenna built by
Hughes and the 1740-2270 MHz antenna built by Radiation Syst g m, Inc . , for
Goddard Space Flight Center.
3 -5'0
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Table 3-8 Comparison of Equal Gain C and X-Bend Antennas
Antenna Gain - 34.5
	
Beamwidth = 2.90
C-Band
	
X-Band
47	 Frequency	 9 GHz
5 fep+	 Diameter	 2.66 feet
14 lb s .	 Reflector/Feed Weight	 .5 lbs.
4 lb s .	 2-axis drive weight
	 4.0 lbs.
15 lb s .	 Support Structure	 8.5 lbs.
2 w	 Primary Power Use	 2 w
lbs	 To t al Weight	 1.8 lbs.
r	 Table 3-9 Comparison of Eqp-,ial Diameter C and X-Band Antennas
Antenna Size: 4-foot Diameter
C-Band	 X-Band
4.7 GHz	 Frequency	 9 GHz
3.60	Beamwidth	 logo
32 db.
	
Gain	 33.5 db
26 lbs.	 Total Weight	 26 lbs.
2	 Primary Power	 2
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around spinning spacecraft. This antenna is being used in the Pioneer
spacecraft at S-band.
Planar array antennas might also be considered for comparison to parabolic
reflectors. However, large variations in pointing angle will be required
on most manned spacecraft missions and in general, the magnitude of this
beam swing by a planar array is limited to less than that required by the
spacecraft. The array could be gimballed as is the parabola for rough
pointing by the astronaut. If it is so mounted, however, its main ad-
vantage is lost.
In many applications the spacecraft-ground station geometry allows the use
of antennas such as the yag f. and the helix which have faj.rly wide beam-
widths, 20-75 degrees, and moderate gains, 10-20-db. These antennas are
useful where the orientation can be maintained well enough that full
omnidirectional coverage is not required and where a higher gain is not needed.
3.5.1.3 Conclusions
The choices of spacecraft antennas for use in a C and X band system depend
on the mission. If the applications are in Apollo and similar programs,
any spacecraft orientation is possible. Hence, full omnidirectional
coverage is needed in addition to a high-gain antenna. If transmission
and reception at both bands is desired, wideband spiral antennas can be
used for omnidirectional coverage and a parabola with a by-periodic feed
can be used for high-gain operation. For large diameter antennas, it is
questionable whether an erectable antenna, such as is used for the LEM
lunar surface operation, can be made with a sufficiently accurate surface
at X-band unless an astronaut is available for manual adjustmeri76 of the
paraboloid surface. For X-band frequencies, parabolic antennas have a
decided gain a,zd weight advantage but require more accurate pointing.
As has been mentioned earlier, the gain of an antenna varies with the
square of the .fre.quency if its operative is held constant. Therefore,
maximum communication range is directly proportional to frequency if all
other link parameters are held constant.
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3,5.2 GROUND STATION ANTENNAS
Ground antennas for operation at C and X-band frequencies would likely be
the ones now being implemented for the Unified S-band System and the Manned
Space Flight Network. The characteristics of these antennas and estimates
of their performance at frequencies to 10 GHz are summarized in the
following paragraphs. The frequency-dependent tracking characteristics
of the antennas are described to permit a relative comparison of performance
at C and X-band frequencies.
3.5. 2.1 Apollo Ground Antenna
The Apollo Manned Space Flight Network uses 30-foot X-Y and az-el antennas
and 85 foot X-Y and DSIF antennas for ground stations and 30-db aircraft
antennas (approximately 7-foot paraboloids), which are designed to operate
at S-band frequencies. Antenna parameters are given in Table 3-10 for the
ground antennas. All of these antennas have reflectors capable of operating
at frequencies through X-band with a proper feed. Aircraft antennas, which
are used for injection and re-entry tracking, are of unknown surface tolerance
but probably are also capable of satisfactory performance at higher frequencies.
Sets of ground stations, ships, and aircraft are used for launch, orbit lunar,
and re-entry tracking. At launch, the Cape Kennedy, Grand Bahama, Antique,
and Bermuda USB stations, one instrumentation ship and aircraft provide
initial mission coverage. In earth-orbital flight and lunar transfer'
coverage is provided by the 30-foot antennas at Canary, Guaymas, Texas,
Ascension, Carnavon, Guam, Hawaii and tvo ships in the Indian Ocean
and the Pacific. At lunar distance, coverage is provided by MSFN 85-foot
antennas at Madrid, Canberra, and Goldstone with backup coverage by JPL
DSIF antennas at the same sites.
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3.5. 2 . 2 Frequency-Dependent Considerations
Increasing the operating frequencies of the existing S-band antenna systems
will affect the efficiency, pointing accuracy and feed design of these
antennas. Table 3-11 indicates the effective gain of the 30 and 85-foot
antennas at 9 GHz. Figure 3-25 illustrates the relative change in gain
and beamwidth of 30 and 85-foot diameter antennas , as a function of frequency.
Thus, gain increases and beamwidth decreases as frequency and antenna
aperture area are increased. If gain is the only consideration, X-band
frequencies are most advantageous. However, with narrower beamwidths
and attendant problems of fabricating the reflector surfaces, C-band may
be preferred because of less stringent pointing accuracy requirements
and economy of construction. This is particularly true for large antenna
aperture areas, as reported by Potter, Merrick and Ludwig.(26)
A significant factor which could lower the radiation efficiency of the USB
antennas at X-band frequencies is the tolerance of the reflecting surface.
"he anticipated tolerance is 0.029 inches rms (increasing to 0.071 inches
rms in a 45 mph wind). This is less than 0.1 wavelength at X-4band but will
degrade the ge, 4 .- at Y' -band by 0.3 db (1.5 db in a 45 mph wind) . It is
interesting to note, however, that the 60-foot antenna system at Camp
Roberts and Fort Dix, which were originally designed for operation at
S-band, were modified for operation at C-band with the Syncom satellite
with satisfactory results. These antennas are currently being modified(27)
for operation at X-band frequencies and it is anticipated that no significant
degradation in antenna readiation efficiencies will occur at these frequencies.
The anticipated 3 (r pointing error of the 30-foot USB antenna at S-bar , is
85-seconds of arc (28) Since the half-power (3db) beamwidth of the
antenna at X-band is approximately 0.25 degrees, a pointing error of 85-
seconds of arc will cause a loss of approximately 0.12 db in system gain
at this frequency. Figure 3-26 illustrates pointing accuracy requirements.
Assuming that tracking accuracy requirements are such that the received
signal must be maintained within the 1-db points of the main lobe, the
3-62
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Table 3-11 Effective Gain of USB Antennas At 9 GHz
30-Foot Antennas
Y-Band gain at 50% efficiency	 55.7	 db
Loss of gain from 0.030 surface 	 -0.2	 db
PEAK GAIT	 55.5	 db
Beamwidth	 0.250
RMS tracking accuracy 	 <0.250
Loss of gain from tracking	 — 0.1	 db
Effective gain	 55.4	 db
t
85-Foot Antennas
X-.Band gain at 5 0% efficiency
Loss of gain from 0.040 surface
Beamwidth
Tracking accuracy
Loss of gain from tracking
	
64.8	 db
	
-0.7	 db
PEAK GAIN	 64.1	 db
0.09'0
'<0.0250
	-1.0	 db
EFFECTIVE GAIN	 63.1	 db
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pointing accuracy at 8 GHz must be better than it is at 4 GHz by a
factor of two. Pointing and tracking accuracy are also dependent upon
tracking rates but it is assumed that tracking rates will not change from
those used for the preceding analysis.(28)
3.5. 2 .3 Acquisition
The problem of acquisition becomes increasingly difficult as antenna
aperature area and operating frequency are increased. Parameters which
determine the time required to acquire a signal radiated from a spacecraft,
i.e., the time required for space, frequency and ranging code acquisition
includes:
a. Antenna beamwidth and pointing accuracy.
b. Refraction.
c. SNR at the input to the tracking and code clock lcops.
d. Uncertainty in the frequency of the received signal and
the ensuing acquisition bandwidths.
e. The sweep rates of the receiver and transmitter VCO's.
Antenna beamwidths and. pointing accuracies for a 30-foot dish operating
at C or X-band would not pose an unduly complicated acquisition problem.
However, an 85-foot dish has a beamwidth of less than 0.2 degrees at
X-band frequencies and, if a-quisition takes place during periods of
comparatively high angular rates, position acquisition becomes a problem.
One obvious solution is to use a broad beam antenna, such as the USB 3-
foot acquisition antenna, for low-altitude phases of a mission, where
acquisition times are short and spacecraft position uncertainties are
large.
Refraction errors are only of significance at elevation angles less than
100 . Deckett (29) has shown that refraction errors can be predicted, at
7-degree elevation angles, to standard deviation angles of 0.1 and 0.22
mil'liradians, respectively, using the following techniques:
a	
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troposphere profile and compute the refraction corrections
vs. elevation angle.
(2) Forecast the ground Level refractivity for location, time
of day and time of year, assume the CPRL, tropospheric
profile and compute the refraction corrections vs. elevation
angle. Hence, if suitable refraction prediction techniques
are used, refraction errors will have a second-order effect
on acquisition.
Doppler shifts and doppler rates will be increased as the frequency is
increased. The current USB system is designed for doppler shifts of + 200
KHz and doppler rates as high as 63 KHz, the doppler rates and doppler
shifts could be as high as 900 KHz and 270 KHz, respectively during low
altitude phases of the missions.
One criteria which has been proposed for acquisition is that total
acquisition time requires no more than 2% of the in-view time for a
given ground station during a given pass. (30) For near-earth zenith pass
(such as may be encountered during a parking orbit or just prior to
re-entry), the in-view time would be approximately 6-minutes and the time
allocated for acquisition is less than 7-seconds. For other than near-
earth pas:_es, the time allocated for acquisition increases to about 5-minutes
for a 12-hour pass at these lunar distances, which is a reasonable value
provided adequate SR's exist at the tracking and code clock loop inputs.
From the preceding discussion, it is apparent that acquisition at C and
X-band frequencies presents a problem only with large diameter antennas
(greater than 30-feet in diameter) during near-earth passes. This problem
can be circumvented if a broadbeam acquisition antenna is used to assist
in acquisition. From the standpoint of frequency, C-band would be
preferred since antenna beamwidths are larger and the doppler shift and
doppler rate are less than they are at X-band. The advantage is minor,
however, and would be of secondary importance in selecting the operating
3-67
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3.5.2.4 Modification of Antenna Feed
k
Design of c C or X-band monopulse feed to replace the existing 0-band
feed is straight forward, as illustrated by the modification of the Camp
Roberts and Fort Dix antennas which was mentioned previously. However,
the entire feed system must be redesigned if dual capability (C and X_
band or S and C and/or. X-band) is required. One approach which might be
considered is to use a sub-reflector of many resonant slots which would
reflect the S-band energy but appear transparent to energy at X-band
frequencies. The X=band feed would be located at the focal point of the
ref lector. (31)
3.5.2.5 Summary
The present land-based and shipboard USB antenne,, systir►ns and the JPL DSIF
antenna systems can be modified for operation at either C or X-band
,frequencies by replacement of feeds, waveguide, circulators and filters.
Operation at either C or X-band frequencies with an 85-foot dish places
stringent requirements on antenna pointing accuracy during signal
acquisition. This factor, coupled with the higher doppler shifts and
doppler rates experienced at C and X-band frequencies, may make acquisition
a formidable problem for missions involving high angular rates. Excluding
the problems associated with acquisition with the 85-foot-diameter antenna
and. assuming comparable costs for raodif" i -s lion (t .-xisting antennas, X=band
frequencies are preferred fcr ground antenwa systems. This preference is
lased upon the increased gain of parabolic reflectors at X-band frequencies
over that obtained at C-band frequencies.
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3.6 PROPAGATION LOSSES
3.6. 1 ATMOSPHERIC EFFECTS
Atmospheric effects on ground-space propagation at C and X-band include;
a. Bending of the ray path
b. Absorption noise
c. Rain attenuation
The major concern is with propagation in the trosposphere, the ionosphere
being essentially transparent at C and X-band frequencies.
3.6.1.1 Atmospheric Bending
The index of refraction in the troposphere is a function of temperature,
pressure, and relative humidity. Specifically, the index, n can be
expressed in terms of the refractivity, N (32)
n=1+10-^q
where
77.6 P	 72 P	 3.75 x lo5P
N =	 D + T +	 E
PD = the partial pressure of dry air
PE = the partial pressure of water vapor in millibars
T = the absolute temperature in degrees Kelvin
Variations of temperature and pressure with altitude yield gradients in
the refractivity which deflect radio waves. It should be noted that
bending is not a function of frequency. The importance of refraction to
the C and X-band system is the possibility of introducing large enough
elevation errors to complicate .-:final acquisition by ground antennas.
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Many authors have described methods of predicting values of the refractive
index (notably Been, Thayer and Cahoon, 1960; Bean and Thayer, 1963).
Methods,have been developed for estimating refraction corrections vs.
antenna elevation angle and refraction appears to be of secondary importance
to selection of system operating frequency.
3.6„1.2 Absorption
Absorption of radio energy by gases has been studied and measured by many
investigators. Some of the most recent publications include References
(33), (34), and (35). Feldman (36) has made a comprehensive survey of the
published results of these investigators and has published a summary of the
degradation in the link margins of communication satellite up and down
links due to oxygen, rain, water vapor and clouds. Noise power generated by
absorption is also of importance since it places a lower limit on ground
r
receiving system noise temperature. The main absorbers in the 1-100 GHz
region are oxygen and water vapor. Water vapor has a broad absorption
line at 22 G`Hz, and oxygen has a, narrow line at 60 GHz. Temperature and
prassure broadening allow the lines to exhibit appreciable absorption at
other frequencies.
Absorption is a function of the path length through the troposphere in
addition to frequency and atmospheric composition. The tropospheric
path length for a ground-space link is proportional to the cosecan rc of
the elevation angle. The vertical thickness of the troposphere can be
taken as approximately 10-miles. The total attenuation in decibels due
to water vapor and oxygen for a path at loo elevation increases from
about 0.2 db at 1 GHz to 0.3 db at 10 GHz. In the frequency bands of
interest, the total gaseous absorption is considered negligible.
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3.6.1.3 Attenuation
Scattering of radio energy due to suspended water droplets and by clouds
and fog can seriously degrade communications at C and X-band frequencies.
The scattering is basically a function of the size of the rain drops or
cloud droplets. Figure 3-27 shows attenuation per kilometer vs. frequency
for several rainfall rates. As the figure shows, rain attenuation increases
logrithmically with frequency and becomes appreciable at higher C-band
frequencies and at X-band frequency. Paths through rain can vary from
two miles at vertical incidence to as much as 20-miles at 5-degree elevation
angles. Therefore, heavy amounts of precipitation can result in a
communications blackout at low elevation angles and at X-band frequencies.
The climate at a given ground station will determine the outage time due to
heavy amounts of precipitation. Figure 3-28 shows precipitation attenuation
determined from measurements made at Guam, Tokyo and Ascension Island with
antenna elevation angles of from 80 to 100 . The curves indicate that a
comparatively dry climate, such as that of Ascension, will experience little
degradation due to precipitation attenuation at 8 GHz. However, the
converse is true for the comparatively wet climates of Tokyo or Guam,
where 6 db or more of precipitation attenuation will be experienced for
50-hours during any given year at 8 GHz. This is not an inordinate amount
of time but exce3sive precipitation attenuation may occur during a critical
phase of a mission, such as re-entry. Therefore, operation at X-band
frequencies would appear to require that ground stations be located in
areas of minimum rainfall.
3.6.1.4 Summary
Atmospheric effects provide a sharp distinction between performance at Cl
and X-band frequencies. Refraction and effective space noise temperature
are of secondary importance but atmospheric absorption and. scattering is
a critical factor. The precipitation attenuation is about four times as
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high in decibels at 8 GHz as at 4 GHz. During periods of heavy rain the
precipitation attenuation at X-band can be high enough to block communications
while C4and attenuation may be low enough to be tolerated.
A&
It is recommended that, if NASA decides to implement
for space communications, an experienced propagation
retained to measure ground-space attenuation effects
at NASA tracking stations. This investigation shouli
to the work done by the National Bureau of Standards
tracking system for the Air Force.(37)
a C- and X-band system
research group be
at these frequencies
i be similar in scope
on the Mistram
s
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3.7 PLASMA AND FLAME ATMIUATION
The radio propagation characteristics of a space vehicle can be seriously
degraded during leunch by the flame of the rocket exhaust and also during
re-entry when a plasma sheath is developed due to the formation of a shock-
ionized flow about the vehicle. This degradation can be characterized by
the following phenomena:
a. Temperature-induced dissociation creates ' free electrons which
result in loss of transmitted signal power due to reflection of
energy by the propagating medium, impedance mismatch between the
antenna and the propagating medium and attenuation which is
proportional -to the density and collision frequency of the
electrons of the propagating medium;
b. Absorption of energy by chemical compounds, present in the
propagating medium, due to discrete energy transitions at
particular frequencies;
c. Turbulent scattering resulting from variations in temperature,
gas velocity and pressure along the propagation path.
These phenomena have been the subject of much detailed investigation in
recent years and described in many theoretical articles. Very little
quantitative :information, however, defining degradation of communications
due to flame attenuation and the plasma sheath is available. The discus-
sion which follows is therefore qualitative in nature,and presents relative
rather than absolute values of plasma and flame attenuation at the
frequencies of interest.
3.7.1 PLASMA EFFECTS
1 .
The characteristics of the
during re-entry are depend,
and the angle of re-entry.
the sheath and the density
within the sheath. Hence,
plasma sheath generated by a space vehicle
ant upon the shape of the vehicle, its velocity,
These factors will establish the thickness of
and collision frequency of the free electrons
the re-entry profile and shape of the vehicle
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must be considered in any quantitative assessment of the effect of the
plasma sheath on radio propagation characteristics during the re-entry
phase og a given mission. Many authors have made theoretical calculations
of the radio propagation characteristics of the rocket exhaust and the
plasma sheath (references 38 through 48). Friel and Rosenbaun (40)
obtained typical results using a normalized model of the plasma sheath
and re-entry trajectory. They determined that effects of the plasma
sheath become significant at altitudes of about 150,000 feet within the
range of frequencies considered. Based upon their calculations, attenua-
tion at 6 GHz (C-band) is approximately 20 db at 150,000 feet and at 10 GHz
(X-band), it is 20 db at 125,000 feet. Maximum attenimtion occurs at
approximately 100,000 feet for both frequencies and reaches values between
120 And 140 db. The attenuation can be minimized by increasing the
frequency; Friel and Rosenbaum calculated (for their model) a frequency of
35 GHz would be required to maintain transmission throughout the re-entry
phase while other authors indicate frequencies as high as 100 GHz may be
required for special cases of re-entry vehicles. Additional information
will become available upon completion of a program currently being conduct-
ed at Cornell Aeronautical Laboratories, Inc. The purpose of the program
is to determine the effect of the plasma sheath on communications signals
radiated from several configurations of re-entry bodies (49). 7fae work
involves a % alytical and experimental efforts followed by conduct of micro-
wave transmission tests in a hypersonic shock tunnel.
Other approaches to minimizing the attenuation of the plasma sheath have
been investigated. Water was injected into the flow path during re-entry
of Gemini III and improved propagation characteristics at C-band (50).
Use of the so-called "magnetic" window also shol.,rs promise of improving
propagation characteristics during re-entry (51). The plasma sheath will
also have a significant effect upon the radiation pattern of the space
vehicle transmit antenna. This is the result of the mismatch between the
antenna and the plasma surfaces which couple the transmitter to free space.
The problem has been investigated in some depth, with typical results
given in reference 49. In addition to mismatch, the index of refraction
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along the propagation path will vary due to electron collision, and will
cause the transmitted signal to be deflected away from its intended path.
.,
Based upon available information, the plasma sheath will effectively block
communications at both C and X-band frequencies during re-entry (maximum
attenuation is from 120 to 140 db at 100,000 meet altitude). However,
significant attenuation at C-band frequencies wild. occur some 15 to 25,000
feet higher in altitude than it will at X-band frequencies. Hence, one
may expect that, for a given set of conditions, periods of communications
blackout during re-entry will be less for signals radiated at X-band than
for signals radiated at C-band frequencies.
3.7.2 FLAME ATTENUATION
Microwave signals are attenuated if they are propagated through a rocket
exhaust flame. This is the result of energy absorbed by the collision of
free electrons with positive ions or neutral particles in the highly
ionized region of the flame arid, if the antenna is mounted near the flame,
from reflection of energy due to the mismatch between the antenna and the
plasma of the flame. There can also be considerable absorption of radio
energy at discrete frequencies due to chemical compounds present in the
rocket exhaust flame. The frequencies will correspond to five structure
molecular or atomic transitions. Although the most well known of these
lines occur in the millimeter wave region, such as the oxygen line at
60 GHz, there may be appreciable line and band absorption in the 5 - 10
GHz region for a given rocket fuel at the elevated temperatures of a
rocket exhaust. In addition, localized transitions in energy levels and
abrupt variations in temperature create veariations in the index of
refraction along the transmission path through a rocket exhaust. This
phenomenon scatters the radiated energy and is particularly severe if the
wavelength of the radiated energy is comparable to the size of the scat-
tering cells within the exhaust.
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Schmelzer (42) discusses the absorption of microwave energy in the rocket
exhaust flame. He presents typical measured values of rocket flame
attenuation at X-band as 3.3 db for a transmission path which	 nominally
parallel to the longitudinal axis of the rocket. Assuming the attenuation
varies as the square of frequency, the corresponding attenuation at C-band
would be about 9 db. Miller and Pergament (52) have investigated the
effect of the LEM engine exhaust on the propagation characteristics of the
LEI doppler and altimeter beams. Their calculations show that refraction
will be less than 2 milliradians and attenuation less than 0.1 db when
the beams pass through the densest part of the plasma.
Attenuation and refraction of radio transmission due to the rocket exhaust
flame during powered phases of flight have been minimized by locating the
space vehicle antenna as far as possible from the rocket exhaust and by
using ground stations whose lines of sight to the space vehicle do not
pass through the highest temperature regions of the rocket exhaust. Flame
attenuation is therefore considered a secondary factor in the choice of C
or X-band frequencies, although signals radiated at X-band frequencies
will experience less attenuation and more refraction than those radiated
at C-band frequencies. Quantitative values would require a more detailed
analysis of the aspect angle between the booster and the ground station
chemical compounds in the rocket exhaust, etc. Degradation of communica-
tions signals due to the rocket exhaust would be eliminated if the
communications system, operating frequency is 35 uHz. Such a system is
being developed by Radiation, Inc., for Marshall Space Flight Center.
If tests of this system are satisfactory, it will be used for launches of
the Saturn booster.
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SECTION IV
SYSTEM DESCRIPTION
L
4.1 MTRODUCTION
The equipment built by SRS during the C and X-band Transponder Program
consists of three major components: the transponder, the test receiver,
and the test transmitter. In this section, the general description of the
equipment, from the system design stand-point, is presented. Detailed
circuit descriptions, operating instructions, and complete circuit as well
as system data are presented in the Transponder and Test Set Operation and
Maintenance Manuals, MT-DA2451, and MT-DA2450, respectively.
4.2 TRANSPONDER
4.2.1 Design Description
The C and X-band Transponder (Figure 4-1) is a narrowband, double super-
heterodyne
.
, automatic phase tracking receiver and transmitter capable of
op"-rating at two different frequency bands. At C-band the receiving fre-
quency is 4.42 GHz and the transmitting frequency is 4.8 GHz. At X-band
the receiving frequency is 8.84 GHz and the transmitting frequency is
9.6 GHz. In both cases the transmit-to-receive ratio is 240221. The
change-over from one band to another is accomplished by making two minor
changes in connections, and changing four modules (one multiplier module,
one up-converter module, one mixer preamp, and one diplexer).
The transponder is completely transistorized and is constructed for maximum
long-term reliability, minimum weight, and minimum power consumption con-
sistent with the required performance specifications. A summary of the
transponder characteristics is presented below.
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12 pounds
500 cubic inches, approx.
-3500 to +720C
Weight
Size
Operating temperature
TR-DA1565
Maximum input level
Predetection bandwidth
APC Threphold noise bandwidth
VCO center frequency
Receiver demodulation bandwidth
Acquisition range
AGC Time Constant (open loop)
AGC threshold noise bandwidth
Transmitter power
Transmitter power
Transmitter modulation
Transmitter phase deviation
Converter power input
Converter power output
-70 dbm
6 Kc
.1000 Hz
20.00 MHz
10 KHz to 3.3 MHz
15 parts in 105 min.
56 seconds
0.16 Hz
250 milliwatts in X-band
350 milliwatts in C-band
20 Hz to 3.3 MHz
+4 radians
+28 volts, 19 watts max.
+15 volts at 250 ma
-15 volts at 350 ma
+28 volts at 250 ma
1l
x
4.2.2 Operation Description
The transponder block diagram, Figure 4-2, identifies by asterisk those
parts that are changed when changing operating frequency. The received
signal enters through the diplexer and proceeds in the direction of the
mixer-preamplifier module. In this, the first mixer, the signal is down-
converted from C or X-band to 50 MHz. It follows through the 50 MHz IF
amplifier and second mixer wherein the signal is converted down to 10 MHz.
The gain, or attenuation, of the 50 MHz IF is controlled by the alatomatic
gain control (AGC) loop. The 10 MHz signal available at the output of the
2nd mixer is applied to two modules: the 10 MHz IF amplifier and the
10 MHz Isolation Amplifier and Video Detector.
The output of the Video Detector is amplified by the Video Amplifier and
is available at the test jack on the top-hat. The bandwidth of the signal
channel going through the Isolation Amplifier is relatively wide so that the
video information bandwidth resulting is equal to 3.3 MHz.
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Figure 4-2. C and X-Band. Transponder, Block Diagram
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The portion of the 10 MHz signal applied to the 10 MHz IF Amplifier is
filtered through a 6 KHz narrow band crystal filter to remove as much noise
as possible. The purpose of this channel is mainly to set up the automatic
phase control (APC) loop for tracking the carrier. The bandwidth of the
crystal filter is made just wide enough to permit stable closed-loop opera-
tion.
There are two linear outputs from the 10 MHz IF. 'One drives the phase
detector in the APC loop, the other the AGC detector, which in turn sup-
plies the gain-control voltage to the 50 MHz IF. The output of the phase
detector is applied to the loop filter which is contained in the same
module with the phase detector.
The output of the phase detector and loop filter module is the low frequency
control voltage which is applied to the voltage controlled oscillator (VC0)
for the purposes of changing tts frequency and thereby making automatic
phase tracking possible. The VCO is the only frequency generator in the
transponder when in phase lock. The basic VCO frequency is 20 MHz, but
since there are two X3 frequency multipliers in the same module with the
VCO, both 60 MHz and 20 MHz outputs are provided.
one of the 20 MHz outputs drives the X1/2 Frequency Divider Module. The
frequency divider has three 10 MHz outputs which serve as reference inputs
for the system video detector, phase detector, and AGC detector.
One of the 60 MHz signals from the VCO module is applied directly to the
second mixer (50 MHz IF module). The other two 60 MHz outputs generate the
main local oscillator (LO) chain.
The 'LO chain consists of three major blocks: (1) The X36 Frequency Multi-
plier, (2) the X5/2 Frequency Multiplier, and (3) the X2/X4 Up-Converter
Module. The output of the X36 is at 2160 MHz, which is multiplied by 2 or
by 4 depending on which band is used, and then mixed in the up-converter
with the 150 MHz signal coming from the X5/2 frequency multiplier. The
output of the up-converter-mixer is filtered; in both the C and X-band, the
slam of the two incoming frequencies is taken to serve as 'the LO for the
front-end mixer.
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This somewhat complicated way of generating the LO is necessard because
the transponder must operate at either of two frequency bands with a
minimum pumber of changes. Once a single operating band is selected the
LO chain can be simplified drastically (for details see Section VII:
Prospective Recommendations).
Figure 4-3 is provided to facilitate quantitative understanding of the
signal and noise flow in the receiver section of the transponder. In
Figure 4-3, the major receiver components are set off in blocks 'that are
convenient for analysis, they do not necessarily represc:nc individual
modules, The :information falling directly beneath each block represents
the characteristics of that particular block (gain, bandwidth). The
figures falling between blocks, or at their inputs or outputs describe
the characteristics of the signal and noise prevailing at those points.
Signal and noise levels are cal.cu],ated for three different conditions:
(1) unlocked, (2) phase-locked threshold, and (3) phase-locked strong
signal. Sideband power and video signal power are calculated on the
assumption of 0.5 radian peak depth of modulation. The numerical values
shown in Figure 4-3 should not be interpreted as precise data, the values
are mere?y intended as reasonable approximations of predicted performance.
The transmitter portion of the transponder consists essentially of four
modules: (1) auxiliary oscillator, X5 Multiplier, and phase modulator,
(2) X6 frequency multiplier, (3) X4 frequency multiplier/isolator (S-band),
(4) and 32 or X4 frequency multiplier/i.solator. Dt^fore the transponder
receiver acquires lock, the auxiliary oscillator drives the transmitter.,.
This arrangement produces a stable transmitted frequency, which the VCO
cannot supply'zihen the receiver is unlocked.
Once the receiver acquires lock, a transfer command voltage generated in
the AGC Detector Module switches off the auxiliary oscillator, which allows
the VCO to drive the transmitter chain, When in lock, therefore,,the
transmitted frequency is coherently related to the recei-ved frequency by
the ratio 240221.
Mkl	 The X6 Freauency Multiplier module is the highest power module in the
system, its output of 600 MHz is at about 3.5 watts level. The multipliers
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Figure 4-3. Signal and Noise Levels in the Transponder Receiver
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following the X6 Multiplier are merely harmonic generators designed for
minimum loss, they draw negligible power from the do supplies.
4
4.2.3 Performance Data and Analysis,
4.2.3.1 Introduction. In the following paragraphs a brief analysis of the
automatic phase control (APC) loop and the automatic gain control (AGC)
loop is presented. Appropriate selected data is included to verify 'theo-
retically predicted performance. For complete transponder performance data
see The Transponder Operation and Maintenance Manual, MT-DA2451.
4.2.3.2 Automatic Phase Tracking Loop. The automatic phase control (APC)
loop, or the phase tracking loop maintains the phase coherency between the
received and transmitted signals of the transponder. The loop acts like a
narrow-band tracking filter which can be conveniently analyzed as a low-
pass filter with the following transfer function:
3 s}BBL
H(s) _
+ ... 3	 + ._ 9 _._ s 2
4B 	
32(BL)2
where) 2BI = the two-sided loop noise bandwidth
s = complex variable
This is a second order filter that provides optimum system performance in
terms of phase ,fitter and transient response. It has been deemed unneces-
sary to include a complete analysis of the phase-locked loop in this report,
as this is generally a well known technique with numerous analyses of
phase-locked loops available in technical literature. A brief description
of the applicable constants is, therefore, presented without any proofs or
derivations.
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A simplified block diagram of the phase tracking loop is shown in Figure 4-4.
L+T2s
,	 F(s ) -
KD	 1+T1s	 K
v
Ir
A
Figure 4-4 Automatic Phase Control (AFC) Loop
	
In Figure
	 the following constants apply:
KD = phase detector constant
F(s) = loop filter transfer function
K,v
 = slope of the VCO control characteristics
KM = frequency multiplication factor
	
Tl =	 9K ..^_
32 (BL)
	
T =	 32	
^ BL
BL
 =loop noise bandwidth (one-sided)
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Since the system has to operate at two different frequency bands, certain
changes take place in the constants of the phase-tracking loop when changing
operating bands. In order to keep the loop noise bandwidth constant at C
and X-band operation, changers must be made in the loop filter to offset
changes in the loop constants.
At C-band the following values apply at threshold:
KD = 0.075 volt/degree
KV
 = 280 cps/volt
KM = 221
K = 360 KD KV KM = 1.67 x 106 sec -1
9 (1.67) x 106T1
 = R1C =	 ------ = 1.88 seconds
32	 (500)
T2 = R2  = 
—4 500 )	 = 1.5 x 10-3 second
The appropriate filter configuration is shown in Figure 4-5.
FROM PHASE DETECTOR	 R1	 To VCO
470K
	
F2
	 375 Q
	
C
	
4pf
Fig% ^e 4-5 Tnop Filter for C-B€ind
4-10
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VCO
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Correspondingly, at X-band the following numerical values apply at threshold:
KD = 0.075 volt/degree
KV = 280` cps/volt
KM = 442
K = 36o KD KV
 I'M = 3.34 x 106 sec-1
9 (3.34) 106
T1 = R1 C	 2	 = 3.76 seconds
32 (500)
T2 = R2C =	 3	 1.5 x 10- 3 second4 	 )
The appropriate filter for X-band is shown in Figure 4-6
R2 5 375C2
C J- 4 µ f
Figure 4-6 hoop Filter for X-Band
Clearly the only difference between the two filters is in the size of
resistor Rl. In the system the 940 K resistor is composed by placing
two 470K resistors in series and then shorting one of them out for C-band
operation.
The phase detector constant KD and the voltage-controlled oscillator constant
KV pertaining to this particular transponder circuitry have been obtained by
actual measurements. The multiplioation factor KM, on the other hand, is a
computed quantity. Figure 4-7 has been generated to clarify the multiplica-
tion schemes used in the transponder, and to show how the values for KM have
been obtained. In Figure 4-7 where two sets of numbers are shown, the upper
set applies to C-band and the lower set applies to X-band configuration.
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By simple analysis it can be shown that for the C-band condition the
following equation holds:
2fo- 3fo- (223.5fo- 4.42) =0
(223.5 - 3 + 2) fo - 4.42 = 0
(221)fo- 4.42= 0
where fo = the basic VCO frequency
Similarly for X-band,
2fo- 3fo- (8.81	 439.5 fo) 	=0
8.84 - (439.5 + 3 - 21 ) fo = 0
8.84 - (442) fo = 0
From the above equations it is clear that the multiplication factors for
C and X-band configurations are 221 and 442, respectively. A simple way
to check the results is by dividing the input frequency by the baic VCO
frequency -fo; this, however, does not show clearly the intricate rela-
tionship of the numerous multiplier chains.
In order to keep the inherent phase jitter of the phase tracking loop down
to an absolute minimum and prevent the loop bandwidth from changing exces-
sively as a function of the dynamic range, the phase-locked loop in this
transponder has been designed to operate without a limiter. The signal level
to the phase detector is kept at a desired level by the AGE system alone.
Therefore, no signal suppression due to noise takes place near threshold
(usually referred to as suppression factor) and the loop noise bandwidth
changes very little over the dynamic range of interest.
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As specified, the loop noise bandwidth at threshold is designed to be
1000 cps. Because the AGC system does not maintain the signal level
absolutIly constant (the static gain error is about 2 db) over 61 db of
dynamic range, the signal applied to the phase detector and consequently,
the phase detector constant K, change from threshold to maximum signal by
2 db, or about 26 percent. The following equation show^ the effect of
this 26 percent increase in KD upon the loop bandwidth:
2B = 2 B (threshold) (1 + 2	 ) 1
L	 L	 KD threshold	 3
2BL = 1000 (1 + 2 1!) 1
3
2BL = 1000 (1.17) cps
Apparently, the loop noise bandwidth at maximum signal input increases
by about 17 percent to ll'TO cps.
In practice the actual measuring of the loop noise bandwidth is impractical
and difficult to.implement. In fact, even the loop tracking, H(s), fre-
quency response is usually not measured. What is measured instead is the
complementary function of H(s), namely 1-H(s) which is the modulation
response of the phase tracking loop: The phase modulation is extracted
from the phase-locked loop as the untracked output of the loop phase
detector. Even this measurement is not performed at threshold (due to
the excessive nois ) but instead is normally performed at some strong
input level.. if the calculated and measured values agree for this con-
dition, then it is safe to assume that the behavior at threshold will
also be correct. The high frequency end of the modul=ation response is
limited by the bandwidths of the phase detector and crystal-filter.
4-14
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The mechanized transfer function of the phase-locked loop is given by:
1+T2s
1+T2
 s + T, s 2
K
where, as before, K = 360KV "D KM = loop gain in.sec 1.
and T1, T2 are loop filter constants in seconds
Correspondingly, 1-H(s) is given by:
T1
1-H(s) =	 K	 s2
1+T2 s + T1 s2
K
The function 1-H(s) has `been plotted for X-band in Figure 4-8 for
threshold gain Kmin m3.34 x 106 sec -1 , and for strong signal gain
KnaX = 1.2E Ktnin = 4,2 x106 sec -1. Measured values of the modulation
response corresponding to the strong signal condition have also been
plotted for comparison. The corresponding plot for C-band has not
been shown since it is very similar to the X -band.
The system, as designed, easily meets the specifications concerning
the input offset frequency, static as well as dynamic. Table 4-1
shows the phase error characteristics of the transponder phase track-
ing loop.
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4.2.3.3 Automatic Gain Control Loop. The automatic gain control (AGC)
loop maintains the signal level at the input to the phase dE;;ector at a
nearly constant level in spite of large variations in input signal. strength.
A simplified block diagram of the AGC loop is shown in Figure 4-9.
5OMHz	 IOMH	 AGC
TF	 IF	 DETECTOR
KA = 15
ACTIVE
LOW-PASS
FILTER	 T = 56 seconds
Figure 4-9 Block Diagram of the AGC Loop
In Figure 4-9 the following definitions apply:
KR = attenuation characteristic of the 50 MHz IF Amplifier
KL = AGC detector constant
KA = gain of the DC amplifier
T = open-loop time constant of the filter
G = KR KD KA = loop gain
In order to predict reasonably accurate loop performance, it is necessary
to measure the critical loop parameters at simulated threshold and maximum
input signal conditions, and then compute the items of interest; like the
s
	
noise bandwidth, frequency response, and static gain error.
4-18
PMILCO	 Space & Re-entry
PHILCO•PHAD COAOD10At1OAl
	 Syeteme Divielon
i,.
TR-DA1565
"the gain control curve of the 50 MHz IF Amplifier is shown in Figure 4-10,
and the AGC Detector characteristic is shown in Figure 4-11. Based upon
the valges obtained from Figures 4-10 and 4-11, Table 4-2 has been prepared
where the val^ies of maximum SGE, 3 db cutoff, and loop noise bandwidth have
been calculated.
TABLE 4-2
Summary of Transponder AGC Loop Parameters
r
I At
Threshold
-131 dbm
Between Threshold
and Maximum Signal
At
Maximum Signal
-70 dbm
I
Units
KR 12 16 22 db/volt
K 
0.1 0.12 0.14 volt/db
K 15 15 15 volt/, •olt
T 55 56 56 seconds
G 18 28.8 46.1 -
2BL 0.161 - 0.41 cps
f - 3 db 0.0513 - 0.131 cps
SGE - 2.04 - db
Knowing the gain characteristic of the 50 MHz IF Amplifier and the computed
value of the static gain error the performance of the AGC "loop in the system
can be calculated. The plot of the calculated versus actual performance of
the AOC loop is shown in Figure 4-12.
4.2.4 Packaging
The C and X-band transponder is pac-aged in one rectangular, gold-plated,
magnesium housing. The electronics comprising the transponder is constructed
on similar gold-plated magnesium y-section chassis. The main frame contains
3..6 of these modules, eight on each side. The dimensions of the frame are:
length 12.50 inches, width 4.75 inches, and height 8.25 inches. The°overall
dimensions of the.nsponder are somewhat irregular because the diplexer and
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"top-hat" interconnection panel are mounted aloe one of the long sidesP	 P	 g	 g	 ,
and the mounting flanges are provided oL: the two short sides (one per side).
The weight of the complete transponder is about 12 pouids.
Most of the modules are made in T-section frames with d-c circuitry on one
side and rf parts on the other side for best isolation. Exceptions to
this method are the high-frequency multipliers which do not lend themselves
to T-frame lay-out; most of these are made in the form of rectangular
coaxial cavities. The modules are fastened onto the housing compartments
by means of 16 No. 4 screws providing adequate rf seal.
The lower frequency rf interconnections between modules are made of Microdot
connectors and cables which are adequately small in size and weight. The
high frequency connections are constructed of semi-rigid cable and OSM
connectors.
r
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4.3 TEST TRANSMITTER
4.3.1 Design Description
The C and X-Band Test Set transmitter (Figure 4-13) is of solid state de-
sign, ruggedized for long-term reliability. It is of modular design
contained in a single slide mounted, r-f tight enclosure. Internally, the
test transmitter is divided into ten isolation compartments to provide
adegi.m,te shielding and eliminate r-f leakage. These compartments separate
the '17 and X-band :frequency components, the VCO, the d-c supply, attenuators,
input circuits, and the power monitoring components. Coaxial filters are
also used wherever, d-c energy passes from one compartment to another.
The test transmitter is designed to opeiste at either C or X-band frequen-
ties through switching at the front panel; mo xle substitution is not
necessary. At C-band the transmitted center frequency is 2 .42 GHz and may
be varied from the design center frequency by more than +500 .707; at X-band
the transmitted center frequency is 8.84 GHz and may be varied from the
design center fl, , equency by more than it MHz. These operating ranges exceed
the specification for the transponder pulling capability. A summary of
the test transmitter electrical characteristics it as follows:
s
RF Output
Frequency
C-Band:
X-Band:
Bandwidth: (Unmodulated)
Output Power:
Power Stability:
Phase Stability:
Monitor Output
Internal VCO
Frequency:
Power Level:
Variation:
4.420 GHz f500 KHz
8.8+0 GHz ±1 MHz
6 MHz; 3 db down
(Referred to Output)
-33 dbm to -193 dbm,
continuously variable
±O -5 db
<2 degrees in 2B LO of 1000 Hz
20. 462963 MHz
+13 dbm ±2 db
±2.4 KHz, Max.
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Modulation Inputs
Modes:
Phase Deviation:
;ens it ivity :
Carrier Null:
Input Impedance:
Bandwidth:
VCO Input
Frequency:
Power Level:
VCO Bias Input
Voltage:
Voltage-Controlled Oscillator
Frequency:
Variation:
Sensitivity:
Spurious Radiation:
Lpuriou,s Signal Level:
C and X-Band
>3 radians from 0 to 10 KHz and
>2.5 radians from 10 KHz to
3.5 MHz
1 radian/volt ut 100 KHz
>30 db below unmodulated
carrier
50 Ohms
DC to 3.5 MHz
Same as internal VCO
10 dbm
±8 V DC, Maximum
CAUTION
Do not exceed the specified
VCO bias voltage.
20.462963 MHz
12.4 KHz
310 ± Hz/volt (Nominal)
<-150 dbm at 4.420 GHz and
8.840 GHz
>60 db below CW signal level
TR-DA1565
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4.3.2 Operation Description
The test transmitter (Figure 4-14) is a sophisticated signal generator
provididg an accurately attenuated output at 4.42 or 8.84 GHz. This out-
put is obtained by multiplying a 20.462 MHz base frequency by 216 or 432,
respectively. The base frequency source is selected from an internal
voltage-Lontrolled oscillator, or from a front panel connector to which an
external oscillator may be connected. A VCO monitor output is provided
for continuous monitoring of the VCO signal.
The 20.462 MHz base frequency is multiplied by six and phase modulated by
an external signal in the X6 Multiplier and Phase Modulator module. The
output of the X6 Multiplier and Phase Modulator then passes through the
DISABLE relay K2, through the wall to the high frequency double shielded
compartment, and into the X18 Multiplier. The X18 multiplication raises
the signal frequency to S-band where a ferrite circ??iator is provided to
maintain the X18 load impedance. It is at this pcint that the actual out-
put frequency is selected by directing the S-band signal either into the
X2 Multiplier or into the X4 Multiplier. A special low loss coaxial relay
(K3), controlled by the C or X-Band Select Switch Control Box, is used in
the de-energized position for C-band operation. The signal is now raised
to 4.42 or 8.84 GHz and is passed through a narrow bandpass filter to a
3 db hybrid. The outputs of both bandpass filters are passively combined
in the3 db hybrid to eliminate the use of a coaxial relay. Either input
to the 3 db bybrid is divided into two outputs approximately equal in
amplitude, phased.'90-degrees apart. One output goes to the front panel
through the fixed step and variable attenuators, while the other output is
applied to the"power monitor through a power monitor therrnistor.
The front panel output is passed through two fixed 10 db attenuators lo-
cated prior to the step attenuator and following the variable attenuator.
The 10 db attenuators are used to minimize VS1R changes when changing the
step and variable attenuators. All components from the 3 db hybrid tc t:
front panel are necessarily wide)7N d to accommodate the two-band operation
without changes. In addition the various portions of attenuation are placed
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Figure 4-14. C and X-Band Test Transmitter, Block Diagram
4-28
t
TR-DA1565
in separate ohielded compartments to redur!e r-f leakage and spurious
radiations.
The power monitor output is used to provide a visual. Indication of proper
high level power prior to attenuation. To prevent possible undesired
radiation, the thrrmistor mount (power meter detector) is mounted inside
the double shielded high-frequency compartment. The output of the ther-
mistor mount is fed through two sets of special law-pass .Filters built
into coaxial bulkhead feed -through connectors, A standard Power Meter
(HP 431B) was modified for use with this equipment.
4.3.3 Performance Data and Analysis
4.3.3.1 Introduction - The following paragraphs provide a descriptive
analysis of the test transmitter, the internal VCO performance, transmitter
modulation response, and transmitter power output.
4.3.3.2 Test Transmitter - Front panel controls make it possible to oper-
ate the test transmitter at the required center frequency, and also make
it possible to vary the output frequency in excess of the pulling range of
the C and X-Band Transponder specification. The C or X-band. of -bput fre-
quency is derived from an internal VCO, which meets the frequency and phase
stability requirements of the test transmitter specification.
The VCO base frequency of 20.4629 MHz is phase modulated and multiplied up
either X216 or X432 for the C and X-band respectively. Phase modulation is
provided from an external source through available connectors on the front
panel. A ferrite 3-port circulator follows a X18 Multiplier, which brings
the base frequency up to S-band, to isolate the multiplier from VSWR changes
due to cable length changes when switching from the X2 or the X4 Multiplier;
the isolation gained exceeds the negligible power loss through the circulator.
y ._LA1 ;, '".^h frequency multiplication occurs prior to modulation in the X„6
Multiplier and Phase Modulator, which is a balanced push-pull doubler with
a parallel output, used to reduce spurious sidebands and make it simpler to
''	 obtain required modulation bandwidth after the phase modulation stage.
TR-IX41565
Phase modulation is accomplished by the alternate bias tuning of two
voltage-variable capacit0 .1`13 in a shunt fed arrangement by injecting the
modulation signal voltage at the junction of the back-to-back diodes. The
modulation input circuit consists of a resistor coupled network arranged
to provide two different sensitivities for the same modulation input voltage.
Two different modulation inputs are used to provide for equal modulation at
the two different output frequencies for the same , input voltage.
The X18 Multiplier is located in the test transmitter double shielded high-
frequency compartment, and through internal tuning and a narrow band
multiplier, improves the r-f bandwidth and provides for high rejection of
undesired harmonics. The output level of the X18 Multiplier is of suffi-
cient level to drive either the C-Band or X-Band X2 or X4 Multiplier through
the three-port circulator.
A C-band and an X-band filter follows immediately after the respective final
multiplier. Each filter is used to reduce spurious signals generated by the
respective multiplier at the high level end of transmission. However, trans-
ponder space requirements, and required repeated use in the transponder has
dictated the physical size of the test set filter, which made it necessary
to utilize a smaller filter with a broader bandwidth than desired. As a
result, the C-band filter bandwidth at the 3 db points is approximately
50 MHz, and the X-band filter bandwidth at the 3 db points is approximately
90 MHz. Ideal design features would reduce the C-band filter bandwidth
approximately 20 MHz, and would reduce the X-band Filter bandwidth approx-
imately 60 MHz. The output of the filters is junctioned to the appropriate
fixed and step attenuators through a 3 db hybrid, which also provides an
output to a thermistor mount for high level power measurements on a power
meter.
4.3.3.3 VCO Performance - The VCO base frequency is 20.4629 MHz, and is
capable of being pulled ±2 12z minimum with t8 volts applied bias. The
VCO sensitivity is approximately 310 ±10 Hz/volt with a long-term stability
greater than 0.0001 percent. The VCO operation has been found satisfactory
for all requirements.
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4.3.3.4  Modulation Response Phase modulation in the test transmitter
confori;?s to contractual specifications. Figure 4-15 illustrates modulation
sensitivity Vs frequency curve resulting from data presented in the Test
Set Operation and Maintenance Manual, MT-DA-2450, )ection V, Tables 5-11
and 5-12. Modulation frequency response was measured by observing the
carrier null and measuring the modulating voltage. Computation using tl;
data, and observation of the carrier null through } the specified frequency
range indicated, that linearity is satisfactory. Direct measurement of
linearity with an accuracy of ±2.5 percent is impossible due to limitations
imposed by instrumentation. Modulation sensitivity also proved satisfactory
through computation of data taken at 100 KHz using the following formula for
both frequency bands:
1.7 rad rms	 _ 4.9 8 rad rms/volt rmsr
1.24 volts rms
The constant 1.7 radians rms-was the depth of modulation for the carrier
null. Ideal sensitivity is considered to be unity f10 percent.
4.3.3.5 Power Output - The test transmitter power output is continuously
controllable over a 100 db range, and may be step-controlled over a 60 db
range in 10 db increments. The specifications call for the test trans-
mitter output to be adjustable from -40 to -170 dbm. The system as designed
covers the range from -32 d?am to -192 dbm, showing clearly the design
margins allowed at each end of the dynamic range.
4.3.4 Physical Construction
The C and X-band test transmitter contains six modules, a power decoupling
box, and ancillary components in a single slide mounted, r-f tight enclosure.
The chassis is fabricated of alodined welded aluminum, and measures approx-
imately 22-inches long, 17-inches wide, 81--inches high, and as a complete
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unit weighs approximately 70-pounds.
The front panel, which supports all manual operating controls meRsures
4
approximately 102-inches high by 19- inches wide. Internally, the test
transmitter is divided into ten isolation compartments and the power
decoupling box; four compartments are located in the top section ,  and six
in the lower section.
All operating controls, VCO bias meter, and all connectors except the d-c
power input and the thermtstor output are located on the front panel. The
d-c input conneuLor and thermistor output connector are located in the
back panel of the test transmitter. Operating controls consist of the
C or X-Band Select Switch, the Transmitter Disable Switch, the VCO Transfer
Switch (EXT/IIVT), Bias Select Switch (EXT/INT), Step Attenuator Switch,
and calibrated Attenuator Adjust.
4.4 TEST RECEIVER
4.4.1 Tiesign Description
The C and X-Band Test Set receiver (Figure 4-16) is contained in a single
slide--mounted enclosure. It is designed to operate at either C or X-band
inpuv frequencies by means of switching at the front panel; module substi-
tution is not necessary. At C-band the received frequency is 4.8 GHz, and
at X-band the received frequency is 9.6 GHz. The receiver can be used to
acquire and track frequencies differing from the design center frequency
by ±500 KHz at C-band and more than ±l MHz at X-band. These operating
ranges more than exceed the specification for the transponder pulling
capability.
The receiver is completely transistorized and ruggedized for long-term
reliability, and is constructed in modular design almost identical to that
used in the transponder. A summary of the test receiver electrical
characteristics is as follows:
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Input Frequency, C-band:
X-Band:
Input VSWR:
Input Impedance:
Frequency Range:
Dynamic Range:
Input, Signal Attenuator Range:
Predetect3,on Bandwidth:
APC Loop BW (Selectable) Hz:
AGC Loop Bandwidth:
IF Bandwidth:
Video Detector Output:
BW (±3 db)
Level
Wide Band IF Outputs (3 ea.):
BW
Level
Frequency
Output Impedance
Isolation
9'Blemetry Output (off Gnd):
Dynamic Phase Error Output (to Gnd):
Phase Detector Output:
Reference Signal Output:
50 MHz IF Output:
Residual Phase Modulation:
1+.800 GHz
9.600 GHz
1.1+:1
50 ohms
±500 K.c in C-?,and, +1 AMz in
X-b and
-30 to -95 dbm
100 dll) min.
30 KHz
20, 1,00, 1000 Hz, Open
10 Hz
5 MHz Min.
D( to 3.3 MHz
6 volts/rad into 600 ohms
5 MHz min/ea
0 dbm (Nominal/ea)
10 MHz/ea
50 ohm/ea
12 db output-output min.
10V (pk) tl db, 80 Hz to 14 KHz,
600 ohms
10V (pk) ti db, 6 Hz to 14 KHz,
300 ohms
10V (pk) +l db 9 0 to 12 KHz,
POK ohms
10 MHz
50 MHz
20 pk in 1000 Hz (max.)
4.4.2 Operation Description
The test receiver is a double heterodyne, automatic pha6e tracking unit
capable of operating over a 65 db dynamic range of input signal levels.
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zThe receiver can track inp,,.t frequencies over the range of +_500 KH around
4.8 GHz and +1 MHz around 9.6 GHz.. The tracking over this range is not
continuous but L.- accomplished by switching crystals in the reference
oscillator (6 crystals per band). Because of the frequency displacement
involved in switching, the receiver will lose lock when crystals are
switched and will have to be tuned in by the use of fine tuning control.
Continuous tracking can be achieved over the range of about +250 KHz at
'the input for each crystal.
The block diagram of the test receiver is shown in Figure 4-17. The re-
ceived signal enters through the fixed attenuator pad provided mainly to
keep the input VSWR consistently low. The signal then travels through
the calibrated variable attenuator and on to the mixer-preamplifier module.
In this, the first mixer, the signal is down-converted from C or X-band to
50 MHz. It follows through the 50 MHz IF amplifier and second mixer wherein
the signal is converted down to 10 MHz. The gain (or attenuation) of the
50 MHz IF is controlled by the automatic gain control (AGC) loop. The
10 MHz signal available at the output of the 2nd mixer is applied to two
modules: the 10 MHz IF Amplifier and 'the 10 MHz Isolation Amplifier/Video
Detector.
The video output of the Isolation Amplifier/Video Detector module is
amplified by the Video Amplifier module and is then made available at the
front panel jack. A portion of the 10 MHz signal is also taken from the
Isolat-,ion Amplifier and is amplified in the 10 MHz Wideband Distribution
Amplifier; three outputs from the distribution amplifier are available at
the front panel.
The portion of the 10 MHz signal applied to the 10 MHz IF Amplifier is
filtered through a 30 Mz narrow bandpass crystal filter, as required in
the specification. The main purpose of this channel is to set up the
automatic phase control (APC) loop for tracking the carrier; it also sets
up the AGC loop.
There are two outputs from the 10 MHz IF Amplifier. One limited output
drives the Phase Detector in the APC loop; the other which is linear,
drives the AGC Detector which in turn supplies the gain-controlling voltage
4-36
	
PHILCO O	 Space & Re-entry
	
ONILCO•FORO COAPOAATION	 Sic stems 0ivislon
,*
IDBM 
5 1	 #
TO	 50 MHZ IF
08M AMPLIFIER AND
if
MIXER
J2	 J3
u0m
IOMHZ	 10 MHZ IF AMP & 
J2 
LIMITEDOUT -56 DBM
	 XTAL FILTER	 j3 OUTPUT
J1 +34 DB	 +15 DBM
XTAL FILTER' 30 KHZ 
10 MHZ
JZ] P DE
1- .0, IN	 410 MHZ OUT
60 MHZ
+10 DBM
-56 DBM
X 1)
10 MHZ
	
VIDEO
	 FREQUI
	
ISOLATION AMPLIFIER
	
- 65 DBM	 VIDEO AMP
AND
	
-^4V-	 jj
	
+ 74 DB
	
il
VIDEO	 DETECTOR
	
20 MHZ
4J2
	 + 10 DBE
VOL" ^^Vx
r
08 z-
2i
S 	^ N 00
FIXED ATTEN
10 DB
4.8//9.6 GHZ
41 DBM TO -106 DBM
ATENVAR TTE
ARRA
RANGE IOODB
ATTEN ^ I DB
4,8//9.6 _GHZ
1-43 DBM TO 108 DBM
MIXER/PREAMP J3
CONVERSION GAIN: ---t
+30 DB	 50
NF: 12.5 D8
J2 11 4.750 GHZ
L.O. (4 91.550 GHZ
INPUT
-2 DBM NOM
10 MHZ
WIDE BAND
DISTRIBUTION
AMPLIFIER
Ao
u 0
0
13
T P
AGC/MG(-, 2
MONITOR 10 MHZ
JI	 4 AGC DBM
-14w-- DE T EC TOR
AGC VOLTAGE
i
-15VDC +15VDC
	
-1-oz- I
L	 J2
1	 2.38	 60 MHZ
	
FREQ	 X- BAND	 J 2	 X4	
JI GHZ
BAND	 FILTER	
ISOLATOR -1- -%
J2	 +10 DBM
ifX3POWER	 MULTIPLIER	 6	 LLDECOUPLING	 RELAY	
- BAND
	
j 2	 X 2	
MULTIPLIER	 6632 MHZ
661 8
BOX	 NO.	 C	
) 47FILTER	 MULTIPLIER	 2.37 GHZ	 NOM.r.W7
L	
4.750 GHZ
DC INPUT
POWER	 L-f-" ^ LATOR^a	 X36	
if
15 VDC 	 MULTIPLIER
	
65.97 t
NON
A 'N
iR-DA1565
,
r
W aR
^-
A	
-
	 28
^-
A
J4 J3 J2
ACQUISITION
I p SPE / V(' O	 CONTROL , OSCILLATOR 1
LOOP FILTERS, AND (30 MHZ REF) I
ISOLATION
	
AMPLIFIERS
10 MHZ JI	
I
+10 DBM
OR JI JI J2 
J3
I
I
INEAR
I
UUTT
I T MNZ
? DBM
J
LIMITED
OUTPUT J2 ^	 DETECTOR J3
I
+15 DBM I
10 MHZ7 I
-
................. ij ^ IO MHZ
^bq.;
i0 DBM
I
4
J2
I
X 1/2
J5 h ,
FREQUENCY
J3 DIVIDER I
J2
JI
20 MHz
+10 DBM
20 MHZ REF
I
OSCILLATOR I
J2 & X3	 MULTIPLIER I
60 MHZ
+ 10 DBM
X36 JI FREQ +10 DBM 66 MHZ J3 18.2 MHZ	 VCO, J2
MULTIPLIER
SAND FILTER X2 MULTIPLIER REFERENCE66.32	 MHZ RELAY & BAL MIXER 29.56 TO 29.93 MHZNOM, N0. +14 DBM
327-0105e2-3
— —
J2 X36 JI
MULTIPLIER 65.97 MHZ
	 I
Figure 4-17.	 C and X-Band Test Receiver, Block Diagram
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to the 50 MHz IF Amplifier. The output of the Phase Detector is applied co
the loop filter which Is located in the VCO/SPE Control Box.
The loop filter sets the noise bandwidth of the APC loop to a prescribed
value. In the test receiver the bandwidth is switch selective through
four values: 20 cps, 100 eps, :000 ceps, and open loop. The output of the
loop filter is subsequently applied to the receiver VCO. In addition to
the loop filters the VCO/SPE Control Box contains'the isolation amplifiers
which make the phase detector output available at the front panel for
monitoring, telemetry output, or other purposes.
The basic VCO frequency in the test receiver is 18.2 MHz. In the VCO
module this frequency is doubled and then mixed with the reference frequency
input from the acquisition oscillator which is nominally 30 Nffiz. The
output of the VCO module is, consequently, close to 66 MHz.
The actual frequencies at the output of the VCO module are near 65.97 MHz
for C-band and near 66.32 MHz for X-band. Due -to this relatively large
spread, the same multiplier chain could not be utilized for both bands;
therefore an extra X36 multiplier module had to be included in the system.
The outputs of both X q(' inodules are passed through isolators and then
applied to appropriate final multipliers: X2 for C-band and X4 for X-band.
Both multiplier outputs are processed through appropriate filters and are
eventually applied to the front end mixer as the first L0. The appropriate
LO chain is selected by the front panel, switch controlling coaxial relays.
Due to the large tracking range requirement the VCO could not be used as
the sole frequency source in the receiver; two additional frequency gener-
ators are necessary. They consist of a 30 MHz acquisition oscillator
containing 12 selectable crystals (6 per band), and a 20 MHz reference
oscillator.
The 20 MHz reference oscillator module also contains a X3 multiplier which
provides 60 MHz outputs as well as 20 MHz outputs. The 60 MHz output of
this module is applied as the 2nd LO to the mixer in the 50 MHz IF module.
The 20 MHz output of the reference oscillator drives the X2 Frequency
.0
TR-rA1565
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q	 yFre uenc Divider has three 10 MHz out nubs which serve as reference
inputs for the three detectors in the system: (1) the Video Detector,
(2) the Phase Detector, and (3) the AGC Detector. The .frequency divider
module has another 10 MHz output that is made available at the front panel,.
Figure 4-18 is provided to facilitate quantitative understanding of the
signal and noise flow in the test receiver. In Figure 4-18, she major
receiver components are set off in blocks which are convenient for analysis,
they do not necessarily represent individual modules. The information
directly below each block describes the characteristics of that particular
block (,ypically gain and bandwidth). The figures between blocks, or at
their inputs or outputs, describe the characteristics of the signal and
noise prevailing at those points.
In Figure 4-18 the signal and noise levels have been calculated for three
different conditions: (1) unlocked-minimum signal (-95 dbm), (2) phase-
locked minimum signal (-95 dbm), and (3) phase locked strong signal (-30 dbm).
Sideband power and the video signal level is calculated for 0.5 radian peak
depth of modulation. The numberical values shown in Figure 4-18 should
not be interpreted as data, rather they are intended as reasonable pre-
dictions of performance.
4.4.3 Terformance Data and
4.4.3.1 Introduction - The
analysis of the APC loop any
included to verify that the
complete test receiver data
tenance Manual MT-DA2450.
Analysis
following paragraphs provide a descriptive
i the AGC loop. Appropriate selected data is
system performance agrees with theory. The
is contained in the Test Operation and Main-
4.4.3.2 Automatic Phase Control hoop. The APC loop used in the test
receiver is of a conventional type utilizing a narrow band crystal filter,
'j	 a ban.dpass limiter, and a coherent ACC system. No attempt is ade here to
treat in detail the theory of phase-locked loops, and only a summary of
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Figure 4-18. Signal and Noise Levels in the Test Receiver
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design equations is resented. For a block diagram of a phase- locked loopq	 p	 g	
refer to Figure 4 -4.
The normalized transfer function of an APC loop is reproduced here for
convenience.
1 +—. 3 S
H (S) =	 L
	
1 + - 3	 S +	 9	 S2
	
4B 	 32 (BL)
where 2 BL = effective loop noise bandwidth
2
1	 H(jw)	 dwTT
The loop noise bandwidth is affected by the varying signal-to-noise ratios
that appear at the limiter as a result of varying signal levels at the
receiver input. The relationship is expressed as follows:
2B  = 2BB	 (1 + 2^ )
^	 a
0
where 2L = loop noise bandwidth at the design point; (maximum signal)
LO
1/2
1
^+	 N1 + —
T	 S )BW
«0 = unity at design point
N	 = noise-to-signal power ratio in i-f passband
S)BW
9K
Tl =	 ° 2 = R1  - filter lagging time constant
32 (BLO)
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T2 	 -3
3
	--	 R2C = filter leading time constant
LO
K  = open loop g,:in at design point
= KDKVYK^po (360)
where KD = phase detector constant in volts/degree
KIT = VCO slope in cps/volt
KM = frequency multiplication factor
It is convenient to take the design point for the loop at maximum input
signal level and then calculate how much reduction in bandwidth takes place
when the signal is reduced to its minimum value. At the design point, the
suppression factor ao = Unity. The following shows how to compute a at the
minimum signal.
Minimum input signal level	 -95 dbm-
Fixed attenuator and cable losses 	 -13 db
Net signal to mixer
	
-108 dbm
Noise power in 30 KHz BW 	 -129 dbm
Receiver noise figure	 12 db
Total noise in 30 KHz BW
	
-117 dbm
Small signal-to-noise ratio = -108-(-117) = 9 db
Power SIN ratio = 7.94
1/2
_	 1
a	
4	 1
1+n 77
0.928
Noise bandwidth _ 2B
	
2 
BLO ( 1 + 2a )
L	
3	 ao
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2BL = 2B 
LO1 + 2 (0.928)
2B  = 2B LO(0.95)
Therefore, there will be about 5% reduction in the effective loop noise
bandwidths when the signal level at the receiver input is reduced from
-30 dbm to -95 dbm. The system is designed so that the 20, 100, and 1000 cps
bandwidths specified are obtained at maximum signal level at the input
(-30 dbm, attenuator set to zero).
At C-band the loop parameters are as follows:
KD 0.21+ volts/degree
°V 
325 cps/volt
M 
144
Ko 3.62 x 106
 seconds -1
The required filter time constants can now be established.
For 2B LO = 1000 cps
T1 = 4.07 seconds
T2 = 1.5 x 10-3
 second
For 2B LO100 cps
T1 = 407 seconds
T2 = 1.5 x 10-2 second
For 2B LO = 20 cps
Tl = 10200 seconds
T2 = 7.5 x 10-2
 second
Since three different filters are necessary in a band, it is desirable to
use the same filters in the other band taking into account the complexity
of the filters. This is accomplished by keeping the loop gain K constant
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in each band.
At X-band the loop parameters are
KD
 = 0.107 volts/degree
KV = 325 cps/volt
KM = 288
K0 = 3.62 x 106 seconds 1
Since the loop gain is kept the same for both bands, the same filters can
be utilized in either case. The long time constants required for these
filters are generated by means of an active filter. For details of this
design see Paragraph 8.6.
receiver has been measured
s loop noise bandwidth con-
conveniently because of low
The data for 1000 cps band-
together with the theoretical
The modulation frequency response of the test
for C-band and X-band for 100 cps and 1000 cp
ditions. The 20 cps case can not be measured
frequency phase noise inherent in the system.
width setting has been plotted in Figure 4-19
curve (for reference see Paragraph 4.1-3).
The phase noise of the X-band configuration is normally greater than that
for C-band, this is due not necessarily to the higher frequency of operation
but rather to the higher order of multiplication involved in the system.
The r-esidual phase noise of the test receiver in degrees peak has been
plotted vs. the multiplication factor in Figure 4-20. Two points obtained
on a comparable S-band receiver have also been included for comparison.
4.4.3.3 Automatic Gain Control Loop. The AGC system in the test receiver
is designed to maintain the signal level into the limiter of the APC loop
at a relatively constant level throughout the operating range. The block
diagram of the test receiver AGC loop is the same as that of the trans-
ponder (for reference see Figure 4-9), and the same definitions of loop
constants apply.
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The design point for the test receiver ACC is the strong signal condition
at which point the loop noise bandi,ridth is adjusted to 10 cps. A tabulation
of numerical values applicable to the test receiver AGC is shown in Table 4-3-
TABLE 4-3
SUMMARY OF TEST RECEIVER AGC LOOP PARAMETERS
F
At
Min. Signal
-95 dbm
Between Minimum
and Maximum
Signal
At
Maximum Signal
-30 dbm
Units
KR 12 17 25 cab/volt
KD 0.1 0.12 0.14 volt/db
K 
15 15 15 volt/volt
T 2,65 2.65 2.65 seconds
G 18 30.6 53 - -
2B 3.4 -- 10 cps
f-3db 1.08 -- 3.14 cps
SGE -- P-05 -- db
4.4.4 Test Receiver Physical onst ruction
The C and X-Band Test Receiver contains 18 modules, a power decoupling
box, and ancillary components in a single slide mounted, r-f tight enclo-
sure. The chassis is fabricated of alodined welded aluminum, and measures
approximately 22-inches long, 17-inches wide, 11--inches high, and as a
complete unit weighs approximately 35-pounds.
The front panel, which supports all manual operating controls and three
removable modules, measures approximately 12,—x -inches high by 19-inches
wide. The modules that can be removed from the front panel consist of
the SPE/VCO Control Module, the Acquisition Oscillator Module, and the
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AGC/MGC Module. Internally, the test receiver
lower sections with six modules located in the
located in the lower section, and three in the
decoupling box Is also located at the rear and
the d-c voltage entering through a connector a,
is divided into upper and
upper section, nine modules
front panel. The power
in the upper section with
b the rear panel.
All operating cont , Dls and connectors, except the d-c power input ,  are
located on the front panel. Operating controls consist of calibrated
attenuation, AGC/MGC, C and X-Band Select, Bandwidth Select, Manuel VCO
tuning, and Acquisition Oscillator Crystal Sel.^:ct.
C
4-48
- -,:= - 7.1, --%. -,-
	 7
I PHILCO:]o
PNILI •I
Space & Re•entry
Systems 01vision
1W
TR-DA1565
SECTION V
RELIABILITY DESIGN ANALYSIS AND EVALUATION
5.1 INTRODUCTION AND SLW4ARY
Reliability assessments have been prepared for the C and X-Band Trans-
ponder Dibsystem, for the following modes of operation; receive mode,
transmit-nor-coherent mode, and the receive and transmit-coherent mode.
The reliability estimates for each of these modes are summarized in
Table 5-1.
Table 5-1
Operational Modes Reliability Estimates
C and X-Band Transponder
(Less Power conver'U',er)
Reliability
OPERATING MODE
Receive Transmit Transmit-Coherent
Parameter Non-Coherent and Receive
Failure Rate
X, 11000 Hrs. 1.86057 .72838 2.49991
MTBF, Hours
.458 X 105 1.37 X 105 .4o x lo
Prob. of Survival
.8261 .9385 .8037a C ,8760 Hours*
* A mission time of one year (8760 hrs.) was arbitrarily selected for
reliability estimates.
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The above estimates are based on military specifications, Minuteman,
and the SRS welded X-band transponder (Program 572) part failure rate
curves. The utilization of Hi-Rel screened parts yields a significant
gain in over-all subsystem reliability.
The receiver contributes the highest component failure rate to the
subsystem (1.86057%1000 hours as indicated in Table 5-1), primarily
because the majority of the modules of the transponder are in the re-
ceiver. Also, some of these modules incorporate varactor diodes and
crystals, which present the highest failure rates. Varactor diodes
are generally classified as high risk parts for lace of sufficient data
to qualify them for failure rate estimates at an acceptable confidence
level. All high risk parts are not necessarily un-reliable. Some are
placed in this category only because of insufficient life test; or use-
history data.
The reliability estimates for C-band and X-band configurations are
identical. The major differences between the two configurations
from the reliability strsnd,,,:kcint are in the adjustment of the phase
modulation level and the use of either a X2 or x4 output cavity in the
transmitter frequency multiplier chain. These differences have no
significant effect on the over-all subsystem reliability.
•
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5.2 RELIABILITY ASSESSMENT PROCEDURE
5.2.1 General
For the purposes of the reliability evaluation, every component in the
subsystem is considered essential to the successful completion of the
communicatir function (single thread analysis). Failure of any module
in the receive and transmit-cchcrent mode constitutes a subsystem failure
in that mode. Failure of any transmitter module in the transmit-non-
coherent mode constitutes a subsystem failure in all operating modes
and configurations.
Stress levels for parts used in the design are conservative. The average
part stress is 10% at the required maximum temperature of 71°C with the
exception of several capacitors. Electrolytic capacitors used in the
design are stressed at an average of 50% rating and six of the high
capacity ceramic filter capacitors in the output filter section of the
power converter are stressed at '60% of rating.
5.2.2 Reliability Assessment Standards
Procedures outlined in ST- 163i55 (Quantitative Reliability Assessment
Specification) were utilized in assessing the reliability of the C &
X-Band Transponder Design. Methods outlined in this specification are
consistent with methods and. techniques now used in the industry. TMDC
Reliability Notebook (PB161894) was also used. as a reference. Table
A-1 in Appendix A of this report includes the assigned failure ra°'e for
each part used in the design, and indicates the failure rate which could
be attained if hi-rel, screened parts, or equivalent, were used.
Z"T 5-3
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Procedures used for arriving at subsystem level reliability estimate
"or the C and X-band subsystem are outlined as follows:
a. Assign failure rate to each part (^ part) in the :nodules.
b. Sum part failure rates in each module to arrive at total
failure rates for each module. 	 (module )T =^ (part, a) +
+^ (part b) +..... + A (part n)
c. Sum module failure rates for each component to arrive at total
component failure rates.
A ( component) T = A (module a) + A (module b) + ... + ^ (module n)
d. Sum component failure rates to arrive at a subsystem failure
rate.
^(subsystem)T _ ^(diplexer) + ` (receiver) + (transmitter) +
(power converter)
e. Calculate subsystem reliability for the different configurations
and operating modes.
Rt (receive) = e %t
R  (transmit-non-coherent) = e At
R  (transmit-coherent and receive) = e -xt
5.2.3 Part Failure Rate Sources
Failure rates utilized in the assessment are derived predominantly from
curves included in Philco Reliability Bulletin No. 13, Attachment 1, Part
Failure Rate Compilation. The compilation includes failure rates for
Hi-Rel parts, X-Band Transponder (Program 572) parts, High Risk parts and
Mil-Standard parts. Boeing Reliability Analysis and Prediction Stan-
dard, D2-2363+ -1 was used as a reference. However, this document assumed
a 50% stress level at 250C. Reliability Bulletin No. 13 allows failure
rate assignment for actual stress and temperature conditions.
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5.3 RELIABILITY ANALYSIS
The reliability estimates for each module of the receiver are tabulated
in Table 5-2 and shown on the Function Block Diagram in Figure 5-1.
Table 5-3 and Figure 5-2 gives the reliability estimates for each module
of the transmitter in the transmit-non-coherent mode of operation.
Figure 5-3 gives the reliability estimates in the receive and transmi L -
coherent mode.
Table 5-2
Receiver Module Reliability Tabulation
C & X-Band Transponder Subsystem
a,
t
Item Module Failure Rate
%1000 Hours
MTBF, Hours
Probability
of Survival
Rt
1. Diplexer .01000 10 X 106
.9992
2. Mixer-Pre Amp. .12260 8.20 X 10^) .9894
3. 5 0 MHz IF Amp-Mixer . 09640 10.40, X 10 5 .9916
4. 10 MHz IF Amp. & Filter .07351 13.80 X 105 .9935
5. 10 MHz Iso. Amp. & Det,, . 14292 7.05 X 105
.9875
6. AGC Detector .14043 7.10 X 10 5 .9877
7. Video Amplifier .09286 10.92 X 10 5 .9919
8. 1OMHz Phase Det. & Loop .07986 12.56 X 10 5
.9931
9. .5 Freq. Divider .34276 2.93 X 10 5 .9714
10. 20 MHz VCO & x3 .24736 3.47 x 105
.9784
11. X5/2 Mutt. & Filter .19967 5.10 X 105 .9825
12. X36 Multiplier .31670 3.16 X lo5 .9722
13. X2 or x4 Mixer & .00150 6.66 x lo7 .9998
Filter
14. DC/DC Converter .31171 3.22 X 10 5
.9719
TOTAL 2.17728 .458 X 105 .8261
It"
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5.4 CONCLUSIONS
Since no reliability requirement or goal is specified, the reliability
effort was directed toward the areas of improved part selection, reduced
parts stress, and in general, an overall effort to improve the inherent
reliability of the design.
5.4.1 Electrical
Evaluation of the subsystem electrical design versus power consumption,
weight, and estimated reliability of performance revealed no major
reliability problems.
5.4.2 Mechanical
Soldered, T-frame, modular construction is used for packaging r-f modules
and the power converter. The T-frame construction is excellent from a
reliability standpoint, because it provides a low thermal-resistance heat
path from part to chassis as well as shielding between r-f and d-c compo-
nents. Encapsulating all modules with a rigid, low density foar^ would
provide more protection from the effects of adverse environmental conditions.
5.4.3 Redundancy
Redundancy is not employed in the design. The only place where it might
be employed advantageously is the power converter, since failure of the
converter would cause the loss of the complete subsystem. In view of the
successful completion of extensive life tests and a high probability of
survival for the mission, power converter redundancy is not employed.
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SECTION VI
PROBLEMS ENCOUNTERID AND SOLUTIONS
6.1 INTRODUCTION
As mentioned previously, the C and X-Band Transponder design was derived
from the JPL S-Band Turnaround Ranging Transponder used successfully on
Mariner 1 69. Due to the availability of Mariner history developmental
problems in the C and X-Band Program were minimized considerably.
The only serious problem was in the electrical performance of the system
discovered during the program implementation, which required a change in
the contract specifications for residual phase modulation. All other
problems were resolved satisfactorily, though each of them contributed to
a delay in the overall progress of the program.
6.2 RESIDUAL PHASE MODULATION
The original requirement for the transponder and test set residual phase
modulation was 3.-degrees peak in a 1000 cps noise bandwidth receiver. A
complete evaluation of the system indicated that this requirement was not
consistent with the present "state of the art" in ruggcaized flight type
crystals.
A good example of what can be achieved in phase-lock-loop systems with
regard to residual phase modulation (phase instability) is the Mariner C
S-Band transponder utilized by JPL. The specified phase instability for
this unit was 9-degrees peak in a 20 cps bandwidth. Extrapolation of this
number to X-band yields 36-degrees (four times the frequency and hence
phase) in a 20 cps bandwidth. Increasing the bandwidth to 1000 cps will
reduce the phase instability due to the ability of the phase tracking loop
to "track-out" more noise. Prior to the C and X-band contract award,
Philco-Ford SRS measured phase stability at S-band in a 20 cps and 100 cps
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transponder. Extrapolations made to X-band and 1000 cps bandwidth indicated
that a three-degree peak specification could be obtained. However, no
measured X-band data was available.
Measurements performed on the C and X-band system indicated the fallowing:
a. The majority (80%) of the phase noise is caused by noise generated
in the VCO crystal. A very high "Q" crystal would reduce the
phase noise at the expense of reducing the VCO pulling range and
the associated receiver tracking capability.
b. Removal of the predetection limiter yields a 30% improvement in
the transponder phase noise. The limiter was utilized on the
Mariner C to affect signal suppression with noise, and yield a
bandwidth varying from 233 cps at strong signal to 20 cps at
threshold. The predetection limiter was, therefore, eliminated in
the C and X-band t ransponder receiver partly to improve phase
noise stability and partly to keep the loop noise bandwidth from
exceeding the 2:1 variation over the dynamic . range as set by the
specifications.
c. The phase noise does not keep decreasing quite as fast with in-
creasing tracking filter noise bandwidth as originally anticipated.
This is due partly to the IF crystal filter providing a band
limited noise spectrum to the APC loop, which implies that in-
creasing the APC bandwidth ^_.1n improve the phase noise only when
the loop is appreciably narrower than the noise spectrum; and,
partly, due to the fact that most of the crystal phase noise is
concentrated in the low frequency noise spectrum in the first
place. Measurements indicate that the phase noise decreased for
loop noise bandwidths of up to about 200 cps and then remains
essentially constant.
d. The phase ,jitter performance of the test receiver and transponder
receiver differ considerably. Thus, the typical phase noise value
for the C and X-band transponder is about 4.5 degrees peak, whereas
the test set measures in at about 2-degrees peak (for 2 BL = 1000 cps).
One reason for this is in the multiplication schemes used in the
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two units. Thus, in C-band the transponder multiplication factor
is 221, whereas the test set factor is only 144. This is possible
because the test set can rely on the reference crystal switching
to provide the pulling range. The reference crystals are operated
in 5th overtone for best stability and, therefore, contribute a
negligible amount of prase noise.
Another reason for the larger transponder phase noise lies in the complex
LO chain necessitated by the two band operation requirements. It is antici-
pated that a flight approved transponder operating in either one of the two
bands will be more phase stable because -the LO chain would contain only the
X36 and X2 (or x4) multipliers doing away with the X5/2 and the up-converter
mixer.
Thirdly, the presence in the transponder of a high power transmitter chain
and the DC/DC Convertor with the associated line ripple tend to make the
transponder performance somewhat more difficult since it has to operate et
lower signal levels than the test receiver.
The solution to this residual phase modulation problem involved changing
the design specifications from 3-degrees peak 'to 8-degrees peak phase ,fitter
in the 1000 cps loop bandwidth, with design goals of 3-degrees peak in both
the transponder and test set receivers. As it turned out the design goal
of 3-degrees maximum phase noise has been attained on the test receiver,
whereas the trans ponder had to take advantage of the relaxed performance
specifications.
6.3 EXCITER OUT-UT POWER
One of the more difficult developmental problems in the transponder exciter
output had to do with developing a minimum of 250 milliwatts at X-band at
the diplexer output with 19-watts total input power available for the whole
system. The efficiency of the transmitter X4 Multiplier output (to X-band)
was the pai,ameter of critical interest ajid painstaking developmental effort.
In theory, the design presented no problems, however, considerable effort
a.
	 was required before a practical unit was developed and manufactured. among
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the problems encountered the following stand out:
a. Originally the multiplier bodies were made of brass; very poor
operation was observed. Subsequently, gold-plated aluminum con-
struction was adopted and performance was greatly improved.
b. Bench testing of the units, was further complicated because the
highest power S-band source in the laboratory could be obtained
only by +,he use of an Alfred TWT Amplifier whose output was about
one db short of being adequate to test the multiplier. The X4
(to S-band) multiplier and isolator module had to be used eventually
to generate the necessary power level. This in turn caused some
difficulties in isolating the performance faults. For example,
the X-band multiplier could not be tested in a temperature chamber
by itself because the cable length between the S-band multiplier
and the X-band X^ Multiplier was found to be very critical. It
was determined by tribe., and error that a cable length of 2.70-inches
was just right; for optimum performance; the output cable length of
the X-band multiplier was not critical at all.
c. To obtain the best possible efficiency the varactor, in, the multi-
plier had to be carefully selected.
d. Mechanical problems arose in connection with the fine threaded
tuning elements used in the multiplier. No. 8-80 thread was at
first found necessary to provide the resolution of the tuning
screws. It was found that these screws had to be used with extreme
care. Minute particles could easily work in between threads
which would then tend to freeze and, if forced, would ruin the
threads as well as the multiplier body. No. 8-80 screws are still
being used; however, once slight binding develops, the particular
screw has to be backed out and the threads cleaned. In the recent
versions of the multiplier it has been found that the resolution
did not need to be quite as fine, and possibly in the future 8-40
screws can be employed.
e. Drop-off in the power output of the X-band X4 Multiplier as a
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function of temperature had also added a problem. At the hot
temperature extreme (+720C) the multiplier output (for the same
input) dropped about 1 db. The solution was to overdesign the
exciter output so that even at the extreme temperatures (- 35°C to
+720C) it would still meet the specifications.
6.4 LO DRIVE LEVEL
Some problems have developed in the course of transponder testing in the
LO chain driving the front-end mixer. Most of these problems were con-
netted with the up-converter mixers at the LO output. The mixers used
were purchased as "off-the-shelf" type items from Sage Laboratories, In-
corporated. The transponder, being a prototype developmental unit did not
justify the use of flight approved components which require a longer de-
livery time and a larger financial investment, since it was meant merely
to demonstrate the soundness of electrical design. The problems with the
mixers were of the following types:
a. Conversion efficiency was in some cases not quite as good as
advertized. Some mixers were taken apart at Philco-Ford and
different manufacturers' varactor diodes were tried. in them until
better performance was obtained.
b. The mechanical method by which the diodes are held in the mixers
has room for improvement. Specifically, metal fingers are meant
to clasp the ends of the diodes in the mixers, however, over a
period of time and rigorous testing the metal fingers tend to
become loose, producing intermittent operation. The situation
has been corrected by taking the mixer bodies a, , .rt and squeezing
these diode holders carefully to restore firm contact.
As has been mentioned repeatedly before, the flight approved transponder
would have a simpler LO chain without an up-converter unit, thereby avoid-
ing the whole problem with the up-converter mixers.
is	
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6.5 SPURIOUS SIGNALS TN THE TRANSPONDER LO CHAIN
It was originally anticipated that the spurious content at the end of the
local oscillator chain would be comparable to those encountered in the
Mariner C S-band transponder and the additional multiplication (X2 or X4)
to C and X-band frequencies would merely serve to increase the spurious
levels by 6 or 12 db respectively.
As it turned out, however, the presence of the X5/2 multiplier and an
up-converter, necessitated by the two band operation scheme, introduced.
additional spurious signals whose effect was rather difficult to predict
during system design stages. The "usual" spurious signals are the 20 MHz
(basic VCO frequency) multiples that "ride" on the lst LO up to C or X-bands
as well as on the 2nd LO to 60 MHz. Clearly, these harmonics of the 20 MHz
signal appearing as sidebands at the input to the up-converter when mixed
with the 150 MHz signal produce a host of second order sidebands and cross
products which (after passing through the front end mixer) generate a
multitude of spurious IF freTiencies including 30, 50,, 60, . . . MHz
components. The first step in the direction of resolving this problem
was to include a narrow band LC filter at the output of the VCO module
(centered at 60 MHz) driving the X36 and X52 LO multipliers. This filter
reduced the spurious components due to 20 MHz sidebands below threshold in
the IF passband. Specifically this filter eliminated the 50 MHz spurious,
however, some spurious signals still remained. These spurious signals
were caused by the 60 MHz harmonics generated by the non-linear stages in
the X36 and X52 multiplier. In other words, now the LO chain contained
only the ±60, ±120, ±150, ±180, . . . MHz sidebands. These sidebands,
when combined with the 150 MHz signal produce spurious IF frequencies
among which are 30, 60 . . . MHz components.
The 30 MHz spurious was undesirable because it tended to beat with the
40 MHz sideband of the 2nd LO and generate a spurious 10 MHz component in
the 10 MHz IF bandpass. The solution to this was to add a narrow band
60 MHz filter in VCO output providing the 60 MHz LO to the 2nd mixer at
the output of the 50 MHz IF amplifier. This filter removed the 20 MHz
1	
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signals accompanying the 60 MHO, L0, thereby eliminating the potential
difficulties in connection with the 30 MHz spurious in the '3.F bandpass.
The 60 MHz spurious getting into the mixer preamplifier had to be tuned
out by a trap in the mixer preamplifier module because mixing with the
good 50 MHz signal in the 2nd mixer it also tended to generate a spurious
10 MHz input entering the 10 MHz IF.
Needless to say, the above-mentioned spurious signals, being coherent and
falling in the 10 MHz crystal filter bandpass, were also capable of causing
transponder self-lock especially at low input signal levels.
It should be clear of course that a lot of these problems will. be  completely
eliminated once the transponder is redesigned for working at one band only
because the LO chain will be greatly simplified with the elimination of the
X52 multiplier and the up-converter mixer.
6.6 RFT DUE TO THE DC/DC CONVERTER
t
The DC/DC converter contains in it a low frequency chopper (about 28 KHz)
which can modulate the LO and exciter chains. Even a very low 28 KHz
modulation once present at the beginning of a multiplication chain is
capable of becoming objectionably high at the end of the chain. Thus,
when the transponder was first turned on with the DC/DC converter (rather
than conventional power supplies) the multiples of the 28 MHz sidebands
were quite high at the LO and exciter outputs. This had the effect of
causing the transponder to go into a strong signal locked condition for
every 28 MHz offset in input frequency.
mproved filtering on the power lines was the answer to this problem.
Two 10 microfarad capacitors were added in the power lines in the X36
module and two 10 microfarad capacitors were also added in the decoupling
networks in the VCO module, one in the oscillator section and one in the
output X3 stage driving the X36 multiplier. Some improvement in decoupling
was also done in the DC/DC converter itself. As a result of these efforts
the RFI due to DC/DC converter became negligible.
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6.7 TEST F ELVER RFI
It was originally anticipated that the test receiver would not need to be
RFI protected any more than is provided by the modular construction. How-
ever, subsequent testing and analysis have shown the following:
a. The minimum signal of interest at th^ imput to the front-end
mixer is of the order of -110 dbm which is within 20 db of the
theoretical system threshold (for the lObO cps noise bandwidth
setting).
b. The predetection bandwidth required by specifications of 30 KHz
is considerably wider than the predetection bandwidth of the
transponder. This tends to make the test receiver loop more
succeptible to RF interference.
c. As long as the transponder exciter chain was in the vicinity of
the test receiver it was impossible to take the receiver down to
its minimum level of operation because not only would the C or
X-band energy leak in around the front-end attenuator, but also
the high-power S-band energy signals would cause false locks in
the test receiver.
All of these problems were alleviated to a great extent by RF sealing the
test receiver. Thus, conductive epoxy was filled in all spot-welded Joints
(main front panel to the housing, small front panels to the control boxes),
and, conductive gasketing was added around the covers and between the control
boxes and the main panel.
6.8 LONG TIME CONSTANT IN THE APC LOOP OF TEST RECEIVER
The specifications required the APC loop noise bandwidth to be selectable
between 1000, 100, and 20 cps. The mathematics of the loop worked out in
such a manner that the RC time constant required in the loop filter was in
excess of 10,000 seconds. In a conventional filter configuration, a time
constant of this size requires a resistor on the order of about 10 megohms
and a capacitor of about 1000 microfarads (a reduction in one would in-
crease the other since time constant = R x C). It was felt that the
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re ision and stability would suffer unless prohibitively expensivep c 	 	 	 P	  xP	 artsP
were used. The solution was found in using an active low pass filter
utilizing the A- Y transformation principle and a high quality operational
amplifier. In the resulting filter the largest R and C components needed
were 5.1 megohms and 40 microfarads, respectively. The theory of this
design is presented in Paragraph 8.6.
6.9 SPURIOUS SIGNALS IN TEST RECEIVER LO
Some spurious signals were detected in the LO chain of the test receiver
when it was turned on in the original configuration. In the original
design, care had been taken to make sure that the harmonics of the fre-
quency components comprising the 66 MHz nominal signal at the input to the
X36 multipliers worked out in such a manner that the LO chain was free of
spurious signals as much as possible. There was of course no problem in
setting up the frequencies so that the primary harmonics of the 18.2 MHz
VCO frequency and the 29 MHz, nominal, reference oscillator frequencies
would tend to "straddle" the desired output component, and be filtered
out.
Thus, for C-bank configuration the average reference os^sillator output is
at 29.57 MHz, the desired input to X36 is given by:
18.2 MHz (2) +29.57 MHz = 65.97 MHz
Harmonics of 18.2 MHz or 29.57 MHz cannot lie closer than 6 MHz to the
desired output.
Similarly, for X-band, the average reference oscillator output is near
29.92 MHz and the desired input to the X36 Multiplier is 66.32 MHz, and
again primary spurious signals cannot exist any closer than 6 MHz to the
desired signal.
Consideration of the secondary harmonics was somewhat more complex, but
even they were considered. Thus, for example, the mixer which combines
the doubled VCO frequency and the reference oscillator signal produces
sums as well as differences and all harmonics thereof. Consider C-band
case:
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AOL
	18.2	 2 -2	 = 6.8 MHz(	 ) ( )	 9 57	 3	 ,
the 10th harmonic of 6.83 MHz is 2.33 MHz higher than 65.97 MHz signal.
Correspondingly, for X-band:
(18.2) (2) -29.92 = 6.48 MHz,
the 10th harmonic of this signal is 1.52 MHz lower than the desired
66.32 MHz.
Since in C-band the closest 10th harmonic spurious is higher than the
desired frequency and in X-band it is lower, it was felt that nu better
"straddling" could be achieved except possibly by placing both of these
spurious components about 1.8 MHz away from the good signals, or else by
drastically changing the frequencies involved. At this point the analysis
was discontinued because it was hoped that the effects of the spurious
components would be negligible due to small size, and that they would at
least lie outside of the 30 KHz IF bandpass and, therefore, not interfere
with the loop phase noise measurements. When the system was finally
built and tested, the latter statement held true, i.e., the spurious sig-
nals did not pass through the 30 MHz filter. However, the former did not
.4
hold, and the spurious components were found to be quite high at the LO
input to the front-end mixer. Thus, at X-band the closest spurious at
the X36 input was found to be about 1.4 MHz below the good signal, as
viewed on the spectrum analyser, and it was about 45 db lower in power.
However, at the output of the LO chain (after multiplication by 144) it
came up to within 10 db of the good signal level. Multiplication by 144
accounts for an increase of about 43 db and the bandwidth limitations
apparently bring it back down by about 8 db.
The only solution that could be found at that stage in the system develop-
ment was to build a very narrow band filter at the input to the X36 multi-
plier modules to attenuate the spurious signals before they had a chance to
be multiplied up. A helical resonator filter was built and served the
purpose quite well. The details of the 66 MHz filter design are presented
in Paragraph 8.5.
4
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6.10 TEST TRANSMITTER POWER MONITOR
After the test transmitter was constructed and checked out, a minor
problem developed in connection with the reading accuracy of the power
monitor. It was discovered that when the variable attenuators (especially
the step attenuator) were switched from 0 db up to any other value, the
power monitor reading changed considerably. Ideally, of course, this
should not take place because the power monitor samples the output power
prior to the variable attenuators and its readings, therefore, should
provide information as to the transmitter output power level stability
and should not be affected by the position of the attenuators.
Investigation showed that the problem lay in insufficient isolation
between the two outputs of the 3 db hybrid,. A change in the loading
conditions at the port leading to the attenuators reflected into the port
leading to the thermistor, and thereby affected the meter reading.
The solution to this problem was found by placing a 10 db pad between the
3 db hybrid and the step attenuator. The 10 db pad served to isolate the
attenuator loading effects From the power meter down to an acceptable
level. In effect this method reduced the maximum available transmitted
power by 10 db, however, it was possible to do this because the system
was originally provided with about a 20 db overdesign margin.
s
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SECTION VII
PROSPECT IVE RECOMMENDATIONS
7.1 SUMMARY
As with most development programs, there is insufficient time and funding
to accomplish many items which are beyond the scope of the specified
contract.
This section is intended to provide recommendations and "history relative
to the areas Philco-Ford SRS should be extended -to provide improved equip-
anent performance.
The recommended tasks can be summarized as follows:
a. Flight Model Implementation for performance demonstration under
actual mission conditions.
b. Repackage 'the transponder to a welded lightweight construction,
similar to that used on the Philco-Ford Military Communication
Satellite Program.
c. Provide incorporation of the design improvements resulting from
the "S-band Turnaround Ranging Transponder . i`esign Improvement
Study" pe .°ormed for JPL under Contract 9501290.
d. Evaluate and implement a simpler transmit-to-receive ratio like
the 5/4 ratio for S-Band applications that has been recently
analyzed for JPL by Philco-Ford.
e. Incorporate the necessary test set equipment to perform and
calibrate the transponder delay to the ranging code.
7.2 FLIGHT MODEL IMPLEMENTATION
Demonstration of the predicted communication link performance and equip-
ment operation through mission can be best shown through an operational
launch. It is impossible to simultaneously simulate all launch environ-
ments and conditions. Philco-Ford SRS strongly recommends implementation
of a program that would develop this confidence and history in transponder
design.
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7.3 LIGHTWEIGHT WELDED MODEL
The present prototype transponder packaging design is very similar to that
utilized on the JPL Mariner 64 Program. It basically utilizes a soldered
It frame construction which is considered wasteful, in size and weight.
Philco-Ford has developed a technique for utilizing lightweight welded
construction for r-]: packaging; electrical circuitry would be identical in
either design. The approach has been used very successfully in the Military
Communications Satellite Program. A detail com.arison of the two approaches
is given in Table 7-1.
Weight and volume of the welded unit is reduced primarily due to the high
density packaging techniques in the welded approach. This allows the use
of smaller metal sections, elimination of solder terminals, and tighter
moC.ular assembly. The weight and volume numbers indicated are derived from
existing S-Band hardware.
The r-f shielding is improved in the welded version due to the soldering of
shield cans to the "T" frame rather than a strictly mechanical pressure
joint.
The reliability improvement in the welded configuration is significant.
This is primarily attributed to the decreased component heating and in-
creased process control during assembly. Another significant, but generally
unrecognized improvement is in the replacement of subminiature coaxial
connectors by short welded ribbon. Experience in the JPL Ranger and Mariner
Programs indicated that a high percentage of the r-f flight equipment fail.
ures came from these devices. It is also possi"ble to have an undesirable
flux residue in the soldered version, whereas no flux is used in welding.
The primary disadvantage of the welded system is the general circuit
accessibility. The open, soldered version is naturally more applicable
to continued component change and circuit experimentation.
7.4 S-BAND TRANSPONDER DESIGN IMPROVEN ENT PROGRAM
Philco-Ford has recently completed a design study of the JPL S-Band Turn-
around Ranging Transponder for JPL. The prime effort involved improvement
7-2
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TABLE 7-1	 COMPARISON OF SOLDERED VS. WELDED TRANSPONDER ASSEMBLY
C
PARAMETERS SOLDERED WELDED
y— —
Electrical Operation Circuitry Identical in Each
Weight (1bs. ) 11.5 8
Size (in.) 6 x 8 x 8 5.3 x 6 x 8
Volume (in3 ) 384 254
RF Shielding Fair Improved
Component Vibration Support Conformal Coat Foam
Thermal Time Constant Fair Improved
Dynamic Resistance Fair Improved
Component/Circuit
Accessibility Moderate Limited
Reliability
• Component Heat Control Limited Controlled
During Assembly
• Process Control Limited Controlled
• Inter-Module 60 6
Subminiature
Coaxial Connectors
Flux Residue Possible None Used
Flight Qualification Mariner, Apollo USAF Satellites
Production Cost Nominal 15 - 20 % Reduction
A&
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of the performai., -, and operation of the existing design. Since much of
C and X-Band design is derived from the JPL Mariner Unit, many of the im-
provements made could be incorporated into the C and X-Band system. The
parallel efforts for both programs have prevented incorporation of these
Improvements in the C and X-Band transponder design.
The applicable improvements which can 'roe incorporated are as follows:
a. Improvement of the input noise figure by approximately 2 db to
11 db maximum.
b. Elimination of the false-lock mechanism by which a transponder
could lock to itself through the turnaround ranging channel.
c. Improvement of the phase modulator stability by a factor of 2
from 16% to 13l.
d. Improvement of the AGC system gain grror (as telemetered) as a
function of temperature from 30 db to approximately 9 db.
e. Tmprovement in the VCO temperature stability by a factor of 5,
from 15 parts in 106 to 3.2 parts in 106
 vs. temperature.
f. Improvement of the frequency drift vs. temperature of the auxil-
iary oscillator by a factor of 3.
g. Decrease auxiliary oscillator turn-on drift by a factor of 3.
h. Improved isolation of the ranging channel from the effects of the
crystal filter in the 10 MHz IF Amplifier.
The development cost of these improvements has been funded in the JPL
contract and hence could be incorpox-Eted into the C and X-Band unit for
minimum cost.
7.5 TRANSMIT/RECEIVE RATIO CHANGE
Philco-Ford has recently performed a study for JPL to select an imrroved
transmit/receive ratio for future deep space missions. The present Deep
Space Net (DSN) design utilizes the 2100-2300 MHz band for both trans-
mitting and receiving. Since both transmit and receive frequencies are
within the same band, the number of channels is severely limited. An
alternate approach is being studied that would place the up-link between
1750 and 1.850 MHz, and the down-link between 2200 and 2300 MHz. The
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resultant ratio would be approximately 5/4 as compared to the existing
221240. The new ratio would greatly simplify the DSN equipment. Since
the C or X-Band transponder would utilize the DSN on a minimum modification
basis, this ratio should be considered for transponder incorporation.
7.6 TRANSPONDER .RANGING DELAY MEASUREMENT
The existing C and X-Band Transponder and Test Set design does not include
p=•ovisions for calibrating a ranging signal delay through the transponder.
Measurements on Mariner C and Lunar Orbiter Programs indicate that the
transponder can contribute up to a half-wavelength of delay to the ranging
signal. This amount is a good percentage of the total system accuracy
and is normally calibrated to allow optimum ranging measurements between
the spacecraf, °c and ground stations.
Figure 7-1 indicates the additional equipment required to perform this
measurement. The procedure is to apply a PN Code and/or 498 KHz clock to
the test transmitter. The signal progresses through the transponder test
receiver, and back to a correlation detector where it is compared with
original signal to determine the delay. A calibrated converter is utilize;
tc determine the test equipment delay relative to the transponder.
Addition of this equipment to the C and X-Band Test Set would add greatly
to its capability and is strongly recommended if ranging measurements are
to be performed utilizing the transponder.
s
7-5
PHILCO	 Space &fie-entry
PMILCO •FOAC CORPORATION
	 Systems Division
I—PHILCO MD
PNILCO•PONO I
Space & Re-entry
Systems Division
TR-DAI.565
E-1
0 0
WWW
104
UI
op
O
E-f o	 0
V	 ^	 V
E-1	 PrN
E-1
i
7-6
TR-DA1565
SECTION VIII
TECHNICAL MATERIALS
8.1 X2 FREQUENCY MULTIPLIER
861.1 Design Requirements
Design a compact prototype X2 Frequency Multiplier capable of operating
efficiently in the 4.32 to 4.80 GHz band, and capable of handling input
power levels from 1-milliwatt to 1-watt.
The same prototype is to be used in each case, using an appropriate varactor
diode for each power level.
8.1.2	 Application Within the C and X-Band System
Application Frequency Power Input Nominal Loss
GHz bmT_-
Xpndr Xmtr 2.40 -4.80 +30 3.0
Xpndr Rcvr 2.16-4.32 +12 3.5
Test Xmtr 2.21-4.42 +7 6.0
Test Rcvr 2.38-4.76 +7 6.0
8.1.3 Design Philosophy
The essential steps involved in designing the C-Band X2 Frequency Multiplier
were as follows
a. Determine required varactor diode nominal design parameters from
Reference 1; use the specifications for the transponder transmitter
frequency multiplier since it requires the best efficiency and the
highest power output. Assume that -the varactor diode is .fully
pumped, and is of the graded junction type.
b. Modify the varactor equivalent steady state impedanes parameters
R(Wm ) and Ci (WM ) obtained in the preceding by using correction
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factors obtained in Reference 2.	 The corrected R(w 	and Ci(wm )	
m)
are the principle design parameters upon which the circuit design
is based (see Figure 8.1-1).
c.	 The design of the frequency multiplier circuit begins with the
varactor itself.	 The concepts of varactor operation presented in
Reference 1 are adapted to form a practical varactor equivalent
circuit suitable for designing the frequency multiplier circuit.
The varactor equivalent circuit (see Figure 8.1-1) includes the
following items:
Cj (wm ) = dynamic junction capacitance
R(wm )	 = dynamic resistance
Cp	 = diode package capacitance
Ld	 = diode package inductance
E(wm )	 = harmonic generator
For a doubler, the R( m) and C^ j ( m) of interest are listed and
defined in the following:
R(u)	 = equivalent diode resistance at the input or fundamental1 )
T frequency
' R(w	 = equivalent diode resistance at the output or second2^
' harmonic frequency
C. (W
	
=effective ,junction capacitance at the input or1 )
fundamental frequency
Cj (w 2 ) =effective function capacitance at the output or
second '	 i-monic frequency
The values of these parameters are somewhat sensitive to drive
level, hence, should be considered as approximations.
The harmonic generator, E(w m), is used only in a qualitative manner.
An equivalent voltage generator is shown -: ,:,ternal to the diode
package for ccnvenience, although the har,mMic generation actually
occurs in the unction capacitance. The z eason for incorporating
it is to clarify the output impedance mat,:'}Zing and filtering
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Input
To bias ckt.
R1
C4 d6	 d5
Td8
CC2 7-
LP
C ^ (wd .
R (wn)
E (wn)
Trap (w1, w3, w5, ...)
d3
w 2 min
	d2 	 w 2
----1w
C 1
	
Output
d	 ^	 d
b	 Trap (w4, w 8, w 12, ...)
C 
Varactor
c
Parameter Summary:
d l 0.125 ^2	 .	 .	 . .	 0.308
d 2 	.	 . .	 .	 0.180 X2	 .	 .	 . .	 0.443
d 3	 , 0.250 a4	
.	 .	 . .	
o.615
d 4	 - 0.250 k4	 .	 .	 . .	 o.615
d 5	 . 0.125 Xl	 .	 . .	 o.615
d 6	 .	 . .	 .	 0.250 x1	 .	 .	 . .	 1.230
d 7	 .	 . .	 .	 o.o625 X l	 .	 .	 . .	 0.307
d 8	
.	 . .	 .	 o.o625 x 1	 .	 .	 . .	 0.307
C11	 . . . o.69 pf
C 2 . . . . 1.61 pf
C 3 . . . . 1:44 pf
C4. . . . large
Figure 8.1-1
X2 Frequency Multiplier Equivalent Circuit Diagram
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problems. In higher order multipliers it would also represent
the source of idler harmonic power.
The fundamental circuit design problem is to obtain a conjugate
impedance match to the input and to the output for the equivalent
diode impedance; i.e.,
Zv(wl ) matched to the input
Zv(w2 ) matched to the output
The objective is to absorb all of the fundamental power in the
varactor resistance R(wl ), and to deliver all of the available
second harmonic power to the load. In addition, other harmonic
power is not to be absorbed in either the input or output load
resistances.
The circuit elements in the frequency multipliers are considered
to be lossless for design purposes.
d. Determine a suitable physical realization of the prototype design.
The physical design realization should incorporate sufficient
tuning range to compensate for the following conditions:
(1) The calculation of R( m) and C
i
(wm) are based on approx-
imations.
(2) The pertinent varactor diode characteristics of three of
the ,.pplications are inherently somewhat different.
(3) The applications cover a 10% frequency range.
(4) Individual varactor diode character:ist:;cs vary considerably.
The frequency band of interest dictates the logical choice of cir-
cuit elements to be used, which are:
(1) TEM mode transmission lines for the impedance transforma-
tion and filtering functions.
(2) Lumped capacitances for tuning functions.
The choice of transmission line Z  is not critical, and is chosen on
the basis of convenience of physical size, acceptable propag7 ' ,.. ,. loss,
and also to be commensurate with input, output, and varactor impedance.
The value chosen was Z  = 40.
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63 vdc
2.2 ohms
0.2 pf
0.5 nh
51 °C/W
Parameter
C  (-6)
VBR
Rs
C^
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8.1.3.1 Varactor Diode Nominal Design Parameters - Determination of the
varactor diode nominal performance characteristics, which are used to
determine R(wm) and Ci (wm), was accomplished by using the design informa-
tion for graded junction varactor doublers, fully current pumped, presented
in Reference 1, pp. 603 to 614. The values of R( wm ) and Ci (wm) so obtained
were modified by correction factors presented in Reference 2.
The following data summarizes the pertinent design information obtained
from Reference 1.
.W
Parameter Value
77 78% (-2.1 db )
wl/11, 0.01c
P1 1.3 x 10 4P norm
R(w 1 ) 6R 
R(w 2 ) 1ORs
C^ (w 1 ) 1.46 C min
Cj((1)2) 1.50 C min
Vbias 0.41 VBR
The w 1/wf parameter determines the required varactor diode cut-off fre-
quency directly. Finally, the cut-off frequency determines C^(-6) and
VBR, which are dependent upon each other. The power handling ability is
related to VBR.
The following data summarizes the pertinent information derived directly
or indirectly from the preceding data.
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The last three items are typical values for appropriate varactor
diode packages.
8.1.3.2 Correction Factors for R( u)m ) and C j (wm ) - The design values obtained
so far were derived from Reference I., and are predicated on diode operation
only in the reverse bias region, i.e., the fact that practical varactor
diodes are driven somewhat into the forward conduction region was omitted.
The final step in determining the values of R( w ) and C i (w), which are to be
used in the prototype design, involves the correction of the design parame-
ters obtained so far, due to "overdrive". The correction factors were
obtained from Reference 2, and are introduced in the following sequence:
a. P norm 
n 
VBR2 = 632 = 1 .8 x 103 watts
R	 2.2
s
b. Pi = 1 .3 P norm = o.234 watt
The maximum power input that the varactor diode can handle by being driven
in the reverse bias region is only 0.23+ watt, but it is required to accept
1.00 watt. Hence, using a power normalization factor, Pc,
c. Pc = 
0.2 34
 
_ 4.28
The following correction factors were obtained from Reference 2, Figure 30:
d.	 R(w1 ) = 1.9R1
e.
	 R(w2 ) = 1.7R2
f.
	 C  (W 1 ) = 1.5C1
g.	 Cj((L2) = 1. 5C2
The final values are then:
R(W 1 ) = 1.9R1 = 1 .9(6R s ) = 25 ohms
R(w2) = 1. 7R2 = 1.7(lORs ) = 37 ohms
C
J 
(w 1 ) = 1.5C1 = 1.5(i.46Cmin)
1.5(1 .46) 	 2 ^ C. (-6) = 0 ( pf
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C J (w2 ) = 1.5C2
 = l.5(1.5Cmin)
C (-6)
= 1,5(1,5) j	 Kj C^(-6) ` 0 .7 Pf2.2
The final values are presented as follows:
Parameter	 Value
R(wl )	 25 ohms
R(w2 )	 37 ohms
C
i
(wl )	 0.7 Pf
C J ( w2 )	 0.7 Pf
8.1.3.3 Multiplier Circuit- Design - The design of the frequency multiplier
commences at the varact.or equivalent circuit, which includes a harmonic
generator. The output circuit is designed to provide maximum power transfer
of the second harmonic from the ha:nnonic generator. The output circuit is,
in addition, designed so that an w2 null exists. An impedance matching
circuit is then provided between this point and the input so that maximum
power is transferred to the varactor at the fundamental frequency, wl'
The method just outlined minimizes the flow of w2 power back towards the
input, and it also minimizes the interraction of wl tuning upon 2 tuning.
A filter is incorporated in the output circuit so that unwanted harmonic
power does not escape into the output load. The X2 Frequency Multiplier
Equivalent Circuit Diagram which resulted from the design method is shown
in Figure 8-1. The actual circuit synthesis is as follows:
a. Output Circuit
The output circuit is comprised of the following elements: dl
to d4 , and Cl . The symbol d is used to define a length of the
transmission line, and will be expressed in units of fractional
wavelength. The symbol C denotes lumped capacitance.
The output circuit is synthesized as follows, with the aid of a
Aoki	 Smith Chart transmission line calculator.
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St_ ep l: Calculate normalized varactor impedance at *J 2.
Z v (W2 )	 40.451.7
Z ._.._.^- = o.625 ..30.782
0
Step 2: Determined 1
d1
 = 0.125 X ? ; magnitude of the normalized varactor impedance
is at a minimum.	 `
Step 3: Determine d 2
d2 = 0.180 2 ; the varactor impedance transformation has reached
Z(W2 ) = 40(1.25 + 1 1.20) ohms
50 + j48 ohms
Step 4: Determine C 1
Xcl (W2 ) _ -j48 ohms
•'•C1= ^8 =0.69pf2
Step 5: Output Fi
d3 = 0.250 hi
d4 = 0. 250 X4
d3
 ... traps W1,
d4 ... traps W4,
lter
W3)
W8,
Determine d 3 and d 4
W 5 , ...
W12 , ...
Note: The fact that W 6, W 10 , W 14 is not eliminated is not
considered serious.
b. Input Circuit
The input circuit is comprised of the following elements: d 5, d6,
Rl , and C2 to C4.
The input circuit is s,nthesized as follows:
FTR-DA1565
AOL
Ste 1: Calculate normali2ed va	 w^'.^	 	 rector impedance at 1•
z_
r 69. 0 -r,. 40	
0.377 -j1.69
z	 400
Z„(i)
Step 2_: Transform — z	 by dl = 0.625 1
0
z(wl)
0.150 -j 0.760
z
U
Step 3: Calculate Xci(w1)
z0
XC1(w1) w 2 XC1
.=
	
-2(l.20) = -2.40
zo	 zo
St`: Transform XCl (w1)
-- Z --- by d2 = 0.090 x 1
0
z(wl)
Z	 -j0.700
0
Step 5: Calculate the impedance at the junction of d l and d 2
Z (wl )	 (0.150 -JO.760)(-jo.7oo)
z
_" o 
=	 0.150 _ 1.
	
= 0.038+ -JO-371
Step 6: Convert to admittance
Y(wl)
Y	 = 0.280 + j2.70
0
Step 7: Let d5 = 0.125 X1 ; this choice is made on the basis of
input impedance matching and also as a first step in isolating
the d l , d2 junction from the input, at w2.
Step 8: Transform Y(WI)
Yo
by d5 = 0.125 X1
s
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Y(w1)
-- l ) =0.1,70-J2.17
0
Step 9: Let d6 r 0.250 1 .	 d6 to d8 and C2 and C 3 constitute
a double stub hazer for input impedance matching. In addition,
d7 and C 3 , and d8 and C2 are to provide low impedance terminations.
Since d5 = 0.250 X2, W2 power is effectively blocked from entering
the input circuit.
Step 10: Let d7 = d8 = 0.0625 h i , This will allow smeller values
of C2 and C 3 to be used for tuning. The stubs will also be close
to series resonance at w2.
Step 11: Calculate required susceptance of the stubs for matched
condition.
BI(wl)
----	 susceptance of d7 , C3
^II
--= = susceptance of d.8 , C
Yo
Y(wl)
Y--- = admittance transform of source admittance and
0
s
01
BI(wl)
y-0
) with d6 = 0.250%1
0.1
o. 4
1.0
2.0
4.o
1.23 - ,10.17
1.00 - ,0.52
o.48 - ,jo.62
0.17 - jo.44
0.05 - J0.25
8-lo
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by starting at the required susceptances and traveling 0.0625 Xl
back towards the load.
t
B3 (W1)
= o.87 and
Yo
C3 = 1.44 pf
C2 = 1.61 pf
B2 (Wl)
- Y	 - 1.74
0
Step 13: Input circuit loading effect at W2 MIN.; i.e., at
,junction of d and dCalculate V102)1	 2	 Y	 looking into d 5 from0
W2 MIN point.
B3 (W2 )	 H2 (w2)
	
Y	 = 1.74 and —,^-- = 2..100	 0
BI(W2)	 BII (W2 )
	
Y	 - 
-3.75 and	 Y	 = -3.00
	
0	 0
Y(W2)
Y = Mow - X6.75
0
Y(W2)
Transform of	 by d 5 = 0.250 W 2
0
Y(W2
	
Y	 = 0.025 + jo.14o
0
Conclusion: negligable loading at W 2 MIN.
Step 14: C4 is a d-c blocking capacitance built into d6, and is
not considered to preset any discontinuity effects in d6.
This completes the circuit design of the C-Band X2 Frequency Multiplier.
Note: The impedance transformations were carried out on a band transmission
line calculator. (Smith chart). The accuracy is good only to about two
x°
Q^:a
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significant figures. This is considered satisfactory in view of other
approximations involved in the multiplier design.
8.1.3.4 Physical Realization - The frequency multiplier structure is
composed of two basic elements:
a. Stripline (rectangular bar center conductor)
b. Lumped capacitance
The overall package is essentially a thin rectangular box, with miniature
(09M) connectors at the input and output.
For all stripline elements:
Zo = 40
t = thickness of rectangular bai' center conductor
= 0.062-inch
w = width of rectangular bar center conductor
= 0.275-inch
b = spacing between ground planes
= 0.250-inch
e r
 = relative dielectric,constant
= 1.00
^c = first higher-order mode
er 2(w+b) = 1.040-inch
f  ^-_ 11.4 GHz
Physical Layout - The design is mechanized by first making a straight-line
skeleton outline of the transmi„si gn line elements, using the calculated
line lengths. The line-elements may be laid out in any suitable form,
provided that sharp discontinuities and cross couplings are avoided.
The lumped element parameters which appear in the circuit design (i.e.,
varactor diode, lumped capacitance and resistance) are considered to occur
abruptly at the pnd of the transmission line elements (i.e., the straight
line segments in the skeleton layout). Hence, the varactor diode and
tuning capacitances are considered to be part of the transmission line
lengths. This simplification is satisfactory if the Zo of the diode package
8-12
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or tuning capacitor is close to the transmission line Zo (i.e., 40 ohms
in this case).
The layout is completed by adding the width dimensions to the line segments.
At this point it ua-y be necessary to judiciously adjust the line lengths '!ue
to overlapping or interference of the lines. In general, it is advisable to
maintain diode-to-end of line distances along the ge,)metric center of the
skeleton layout of each circuit (i.e., in this case, the input circuit, and
the output circuit).
Conclusions - Some cut-and-try effort of the transmission line lengths and
layout is necessary in order to optimize the performance.
In addition, the optimum bias resistance and voltage is determined experi-
mentally.
8.2 x4 FREQUENCY MULTIPLIER (S-BAND)
8.2.1 Design Requirements
C and X-band design specifications required the design of a compact X4
frequency multiplier capable of efficiently delivering 1.0 watt of power
at 2.4 GHz.
8.2.2 Applice:tion Within -the C and X-Band System
The X4 multiplier is to be used in the transponder transmitter, and is to
furnish 1.0 watt of power for driving either a X2 or X4 final frequency
multiplier. The basic design specifications are as follows:
Input Frequency - - - - - - - - 0.600 GHz
Output Frequency - - - - - - - 2.400 GHz
Power Input, Nominal - - - - - +35. x+ dbm
Nominal Conversion Loss - - - - 4.0 db
8.2.3 Design Philosophy
The design philosophy is essenti Ally ^; ^n c-.. me w, in. the C-band X'_' Frequency
	
MW Multiplier	 case presented in Paragr.:cp, t ;:, gx-ept for the additional w2
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idler circuit. The following are the required parameters:
Parameter Value
n diode 566 (2.5 db )
w l/wc 6.3 x 10-3
R (w 1 ) 40 ohms
R(w2 ) 1.8 ohms'(an assumed value)
R(w4 ) 8.0 ohms
C  (wl ,w2 )W4) C • (-6)fi^
The selected nominal varactor characteristics are:
9
t
Parameter Value
Cj (-6) 2.3 Pf
fc(-6) 30 GHz
VBR 90 vdc
6 35 oC/w
C 
0.5 Pf
L 
2.0 nh
The steady state varactor impedances to be used in the circuit design are
as follows:
Zv (w1 ) = 27.5 -j97. 1 ohms
Zv(w2 ) = 1.18 -j39.8 ohms
Zv(w4 ) = 7.81 -j1.96 ohms
Note that the varactor is nearly series resonant at 
w4'
8.2.3.1 Multiplier Circuit Design - A Smith Chart transmission line cal-
culator was used to perform the impedance transformations and to determine
the required transmission line lengths in normalized form. Figure 8.2-1
shows the Equivalent Schematic Diagram for the X4 Frequency Multiplier.
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(1) Output Circuit (consider only w4)
A length of transmission line is chosen so that the varactor
impedance at w4 is transformed to 50 ohms and some inductive
reactance.
It is desirable to split this line into tti;o sections (dl and d2)
at the w4 voltage minimum point. The minimum point is then used
to continue the w 2 idler and finally the w 1 input circuits. A
tuning capacitance is connected at the end of d 2 in order to
tune out the inductive reactance.
(2) Idler Circuit (consider only (O 2)
The w 2 idler circu,
function of C 3 and
junction of L2 d. 3 .
the input circuit,
Lt is composed of dl , d3 , C 3 , and d4 . The
d4 is to provide a w 2 short circuit a^ the
This minimizes the Leakage of w2 power into
and provides a definite reference point from
which to construct the w2 idler resonance current in the varactor.
Aft-	
The line d3 is chosen such that the required resonating indurative
reactance is presented to the varactor through dl , taking into
account the shunt reactance of the output circuit through C 4 and d2.
(3)' Input Circuit (consider only fl)
The input circuit is continued from the w2 minimum point with
lumped element components. Since varactor impedance is not
precisely known., and since dl and d2 are electrically quite short
at fl , the impedance at the junction of d l and d2 is approximated
by just the varactor impedance at "11 shunted by C4 . This impedance
transformed by d3 and shunted by the capacitive reactance of d4
and C3 is the impedance which must be matched. A lumped element,
L-section impedance transformer is used to convert the 50 ohm
source impedance to the conjugate of this impedance. The combi-
nation of Ll . C2) and L2 is effectively a variable inductor,
tapped at the W  voltage minimum point so as to permit varactor
biasing without r-f loading.
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The capacitor C2 also provides d-c isolation from the driving
source, so that the varactor may be properly biased.
8.2.3.2 Physical Realization
(1) 'transmission Line Characteristics
Line	 b	 t	 W	
e r	
Zo ( 0)
Main	 0.375
	
0.125
	 0.375	 1.00	 37.0
Idler	 0.375	 0.125	 0.250	 1.00	 52.0
b = ground plane spacing (inches)
t = strip thickness (inches)
w = strip width (inches)
(2) Summary of Circuit Design Results
Table 8.2-1 summarizes the circuit element values which resulted
from the design procedure.
1C 	 (3) Physical Layout
The physical design is carried out by denormalizing line lengths
into actual dimensions. Terminal points are located along the
geometrical center of each strip section.
Capacitors C 3 and C4 are cylindrical in shape, and are located
midway between ground planes. The length of these capacitors is
considered as part of the transmission 'line length and the Zo's
are ^o,pproxirriately that of the transmission line, hence no correc-
tions are made on this account.
(4) Concluding Remarks
Due to the fact that dl turned out to be less than half of the
width of the mainline, an adjustment had to be made. As a
result, dl was lengthened to be 0.187 inches, which is half the
strip width.
Table 8.2-2 shows the adjusted element values.t
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Table 8.2-1	 Summary of Element Values
Line * Zo d/Xi d/k2 d/X4 Inches
di 37 0.002 0.004 0.0008 0.039
d2 37 0.049 0.097 0.194 0.930
d3 37 0.061 0.121 0.242 1.170
d4 52 0.063 0.125 0.250 1.190
Cap. PF X(= X( f2) X(f4)
Cl 24.0 12 6.0 3.0
C2 3.0 93 47.0 23.0
C3 2.5 loo 52.0 27.0
C4 0.68 382 191.0 96.0
11
Ind. nHY X(fl) X( f2) X(f4)
l
Li 7.3 104 208 416
L2 1.8 26 52 104
X 1 = 19.30 inches
^ 2 = 9.67 inches	 free space
3 = 4.83 inches
See Table 8.2-2 for Adjusted Values.
Table 8.2-2 Adjusted .Line Lengths
Line	 Zo ( 0)
	
d/X	 d/ X2 _	 d/ X4
	 Inches
di	 37	 0.009	 0.017	 0.034	 0.178
d2	 37	 0.042	 0.084	 0.168	 0.807
d3	 37	 0.054	 0.108	 0.216	 1.062
d4	 52	 0.063	 0.125	 0.250	 1.190
3
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8.3 A FREQUENCY MULTIPLIER (X-BAND)
8.3.1 Design Requirements
X-Band Frequency Multiplier requirements made it necessary to design a
compact prototype X4 Frequency Multiplier capable of operating efficiently
in the 8.6 to 9.6 GHz band, and capable of handling input power levels of
from about 1-milliwatt to 1-watt.
The same basic prototype is to be used in each case, utilizing the appropriate
varact,-:,r diode for each power level.
8.3.2	 Application Within the C and X-Band System
Application Frequency Power Input Nominal Lo-'s
(GHz ) (dbm) (db )
XPNDR XMTR 2.,40 - 9.60 +30 5.0
XPNDR RCVR 2.16 - 8.64 +12 6.0
TEST MT XMTR 2.21 - 8.84 +7 7.0
TEST SET RCVR 2.39 - 9.55 +7 7.0
8.3.3 Design Philosophy
The design philosophy is essentially similar to that of the X4 S-Band Frequency
Multiplier; see Paragraph 8.2.3. The design involves the following steps;
a. Determine the varactor nominal design parameters for zero-overdrive
(Reference 1).
b. Determine correction factors for R( wn ) and Ci(wn).
c. Perform the multiplier circuit design.
d. Determine a physical realization.
The prototype design is again based on the transponder transmitter application.
The following are the required varactor design parameters, including empirically
determined correction factors;
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Parameter	 Value
17 diode	 50 % ( 3 db )
W I/ a> c
	0.011
R(w1 )	 42 ohms
R(0'2 )	 0 ohm (an assumed value)
R((u4 )	 11 ohms
C j (w^,w^w4,N*, • - C` "^~' '
The selected varactor nominal characteristics are:
Parameter	 Value
Cj (-6)	 0.7 pf
fc (-6)	 95 GHz
VBR 63 vdc
6 51 oC/w
C 0.2 pf
P
Ld 0.5 nh
The steady state varactor impedances to be used in the circuit design are
as follows:
Zv (wl ) = 26.0 - j72.0 ohms
Zv(w2 ) = 0.0 - j27.0 ohms
Zv (w4 ) = 13.0 + j5.5 ohms
Note that the varactor is operated above the series resonant Frequency at w4'
8.3.3.1 Multiplier Circuit Design - The design principles are basically
similar to those of the S-band X4 Frequency Multiplier, see Paragraph 8.2.3.1.
The design involves the followl,ng steps:
a. Output Circuit
b, Idler Circuit
c. Input Circuit
C
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A Smith Chart transmission line calculator was used to perform the impedance
transformations and to determine the required transmission line Lengths in
normalized form.
The Equivalent Schematic Diagram of the multiplier is shown in Figure 8.3 -1.
(1) Waveguide Output Coupler
The following are the pertinent parameters:
Guide Type - - - - - - - - - - - - WR 75
Propagation Mode (WO - - - - - - TE 110
Input/output Coupling Method - - - E probe
Dielectric - - - - - - - - - - - - air
X g - - - - - - - - - - - - - - - 2.163 inches
Attenuation at W4 - - - - - - - - 0.005 db/inch
Attenuation at w3 - - - - - - - - 14.6 db/in;ch
Harmonic content above w4 in the multiplier has been found to be small, so
that the high pass characteristics of the guide provide adequate filtering.
The prebes are 1/2 guide height. The length of the wa,veguide is approxi-
IL
	 3/4 of x g4 , and the probe positioning in the guide is selected to
match the multiplier complex impea,,nne to a 50 ohm load.
The following pertinent information is pr, ,sented before proceding with the
idler and the input circuit designs:
ZOM = 25 ohms (main coaxial line)
Z 0 = 40 ohms (stub tuners)E r = 1.17 (light polyurethane foam)
The input waveguide coupling probe is to be connected at the junction of
the varactor diode and the main coaxial line.
The impedance looking into the input probe is considered to be infinite
at W l
.
 W2 ,
 
and w3.
The impedance looking into the inp:tt probe is a conjugate match to the
varactor impedance, Zv(w4).
The varactor steady state a&g1ttances normalized to YOM = 0.040 mho are:
J0 1 ) = 0.11 + JO-31
Yv(w2) = 0.00 + jo.92
JA)4 ) = 1.70 - j o. 74
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(2) Idler Circuit
(a) Transformation of Yv ( 2) to infinite admittance
dl
 = (0.250-0.117) X 2 = 0.133 X2
(b) Idler tuning stub (infinite admittance at w2)
d2 = 0.125 A2
Cl = 0.48 pf
(C) w4 Adjustment Stub
Since d l = 0.133 X2 w 0.25 X 4 , place a short circuit w4
stub in shunt with the main line at the same point as the
w2 idler stub. The intent of this is to:
minimize idler circuit interaction with w4 impedance
matching
. minimize input impedance matching stub interaction
with w4 circuit
. reflect w4 power back towards the diode-waveguide
probe junction
tune diode-waveguide junction at w4
d3 = 0.125 X4
C2 = 0.21 pf
(3) Input impedance matching
(a) The total normalized admittance at the 
w2 idler and 
w4
tuning point is:
Yl (wl ) = 0.18 + j1.90
and the multiplier can be schematically illustrated up to
this point as in Figure 8.3-2.
The rest of the design consists of transforming the 50 ohm
source impedance at the input to the conjugate admittance
of Yl(wl).
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t w4 tuning
^zrd
d3
	0 
T
0
V
Y1(W1 1
I
,T,
d
z
: id ler
C tuning
1
Output
_L__j
waveguide
coupler
A"	 Figure 8.3-2 X4 Multiplier Input Impedance
Matching Equivalent Schematic Diagram
(b) This was done by inserting the circuit illustrated in the
schematic diagram shown in Figure 8.3- 3•
(c) Let d6 = 0.250 l lie tri-axial for d-c blocking purposes.
The inner coaxial line is then a quarter wave resonant line
at w1 , allowing free passage of wl . Bias is inserted be-
tween d4 and d5 through the r-f blocking resistor, R1.
(d) The normalized source impedance a,c 0l is assumed to be 0.50
+ J0.00 1 which is transformed by d6 = 0.250 h i to 2.00 +
J0.00. This then is the real part of the normalized admit-
tance which must be seen looking to the right into d 5 . That
is to say, the line d4 + d5 must transform Y1 (w1 ) so that
the real part of the transformed admittance must be 2.00.
(e) Hence d4 + d5 = 0.098 a 1, and the resulting transform of
Yl (wl ) is 2.00-J7.00. The normalized susceptance -J7.00 is
8-24
PMILCO	 specs is As-entry
PMILCO•IOI^O OO/IPOQATION
	 systsrns Division
PHiLcDO
PMp.CO•rOlilm CO/1/p/^ATION
Space 6 R"ntry
Systems Division
a
TR-DA1565
it
a^
b
N
oG	 .-^
o
43 fir+
00
o u
U
"000	 0
b0
	
3N 
c0	 .D	 (1	 $	 c ^
	
w	 M
N
(I
.r{
W
r
.3.
z
8-25
ITR-DA1565
Amik
tuned out'
one of the
(f) Let the 102
normalized
Dy the combined effect of two capacitive stubs;
stubs is to be fixed tuned as an W2 trap.
trap be identical to the w 2 idler, then the
admittance at w 1 is +j1. 06.
(g) The 01 1 tuning stub must hence provide +J(7.00-1.06) = +,5.94
normalized susceptance. For convenience let d7 = 0.125 X1
and let the Zo = 5.0 ohms. Then the d 7 stub presents
+j 25 = +J5.00 normalized susceptance. Then C3 = 0.70 pf
is suf.74,f lent to bring the normalized susceptance of the
w 
1 tuning to the required value of +J 5.94 •
The multiplier circuit design is now completed.
8.3.3.2 Physical Realization
(1) Transmission Line Characteristics
e
Line	 D	 a	 r	 Zo W
Main	 0.187	 0.120	 1.17	 25
Idler	 0. 140	 0.062	 1.17	 4o
Special	 0.140	 ---	 2.1	 5
The first higher-order mode of the main coaxial line is then as
follows:
X coax = n (D+a) = 0.966-inch.
c
Since X4 =  1^231
-
 = 1.140, the dimensions chosen are at the safe
r
limit.
(2) Summary of Circuit Design Results
Table 8.3-1 summarized the circuit element values which resulted
from the design procedure.
(3) Physical Layout
The physical design is carried out by denormalizing line "lengths
into actual dimensions. Terminal points are located along the
;enter of the coaxial lines.
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One of the principal design
the waveguide is "folded bay
That is to say, the coaxial
plane beneath the waveguide
put and input connector are
features of the multiplier is that
,.k" on top of the coaxial section.
elements are designed to lie in a
section in such a way that the out-
at one end of the module.
Table 8.3-1	 Summary of Element Va lue s
TL
Line Zo(n) sr Wavelength Inches
dl 25 1.17 0.133 X 2 o.306
d2 40 1.17 0.125 X2 0.288
d3 4o 1.17 0.125 X4 0.144
d4 25 1.17 o.o49 X 1 0.226
25 1.17 o.o49 X 1 0.226d5
d6 25 1.17 0.250 X 1 1.150
d7 5 2.10 0.125 X 1 o.425
d8 4o 1.17 0.125
X2
0.288
Capacitor	 pf
C1	 0.48
C2	 0.21
nominal. design valuesC3	 0.70
C4	 o.48
Miscellaneous:
W  = 1.507 x 1010 rad/sec
W2 = 3.014 x 1010 rad/sec
w = 6.028 x 1010 rad/sec4
^1 = 4.922 inch
2 = 2.471 inch in free space
X4 = 1.231 inch
1
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8.4 C-BAND AND X-BAND BANDPASS FILTER DESIGN
8.4.1 Design Requirements
C and X-Band bandpass filter requirements made it necessary to design
interdigital bandpass filters to satisfy the following conditions:
BW-40db
	
s 4,00
BV,','_
. Insertion Loss 5 2.5db
. Size s 1.6 Cu. In.
Response shall be of the Butterworth maximal flat type.
8.4.2 Application
The interdigital bandpass filters perform in the equipment indicated,
and within the parameters given in Table 8.4 -1.
Table 8.4-1 	 Interdigital Bandpass Filter Application
BW
Nominal
Application f 	 (GHz) -3db Min. Insertion LossWiz) (db )
Transponder Receiver 4.47 50 2.0
Test Set Receiver 4.75 50 2.0
Test Set Transmitter 1.42 50 2.0
Transponder Receiver 8.79 90 2.0
Test Set Receiver 9.55 90 2.0
Test Set Transmitter 8.84 g0 2.0
8.4.3 Design Philosophy
The design was accomplished according to Reference 3 in three basic steps:
(1) Determine equivalent low pass parameters from References 4 and 5.
(2) Determine the normalized physical dimensions of the interdigital
bandpass filter using the design procedure and the formulas
8-28
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presented in Reference^ 	.	 3
(3) Determine actual physical dimensions and complete the mechanical
der.,, n.
8.4 .3.1 Low Pass Parameters - The design curves presented on page 86 of
Reference 4 were consulted. A 4-pole filter was selected, and has the
following selectivity ratios:
BW_40db 
= 3.16
BW_ 3db
BW_80db = 9.80
BW_3db
The required normalized low pass parameters can now be determined. These
are obtained from page 219 of Reference 5, and are as follows:
V
VP db = 0 (i.e., Butterworth response)
v
ql = q4 = 0.766 (loaded values)
q2	 q3 > 26 61nloaded values)
k12 = k34 = 0. c340
k23 = 0.542
8.4.3.2 Normalized Physical Dimensions of the Interdigite.l Filter - The
following is a list of the pertinent formulas used in the design procedure
in Reference 3.
BW
I	
w 
= ^3ab
O
Z
o
K12 = K34 = wk12 Zol
K^3 = wk23
PNILCO
`. _	 ANILCO•ROAO CG :',.p11AT10N
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C	 1
1;
-	
w7
Zo = Tr
Zol =
TT
0.91 
1117 
-0.048-log K
logGa)
h
3 log 4 a `tanh 0,
Z
e = 0.600 (by assumption)
a =
h 0.350 (by assumption)
Q = 2 = resonator loaded Q-factor
w
Xod = 0.9) -T- = rotsona `( .or 	 length
The parameters c, a, and a are defined in Figure 8.4-1. Parameter h is
not defined in the figure since it is a cross-section dimension measured
from side-to-side; refer to Paragraph 8.4.3.3•
The results of the parameter evaluations are as follows:
w 0.0127
Zo = 76 ohms
Zol = 1.04 z 
K12 = K34 = o.olo88
K^3 = o.006883
Cl&-/h = C34/h = 1.631
C23/h = 1.776
Ql =Q4=6o
* This value was chosen on the basis of the application pass band
requiremer*s, Paragraph 8.4.2.
8.4.3.3 Physical Dimensions - The maximum ground plane spacing (parameter h)
for the C-Band and X-Band applications was determined as follows:
TR-DA1565
r
Xco $!W 'RhmaX 1
X
O
..	 S ^ -
tYlax 	 n rl + 1
where 4 c = X  is assumed. The results are as follows for the transponder
receiver application:
C-band h
max 
= 0.622 inch
X-band hmax = 0.301 inch
The final choice of the ground Mane spacing was based on a compromise
between size and loss; the larger h yielding less loss, but larger volume.
The final choices were as follows:
h C-band = 0.375
h X-band = 0 . 300 inch
The final filter dimensions are then:
Parameters	 Dimensions
C-Ban	 -Band
h 0.375 0.300
d 0.594 0.286
a 0.131 0.105
e 0.263 0.180
C12 0.612 0.489
C^3 0.666 0.533
C34 0.612 0.489
A mechanical layout of the Interdigital Filter is illustrated in
Figure 8.4-1.
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8.5 66 MHz HELICAL nsonTOR FILTER DESIGN
As was mentioned in Paragraph 6.9, a narrow band filter centered at about
66 MHz was needed in the LO chain in the test receiver in order to filter
out the close-in spurious signals. The helical resonator filter was se-
lected because it offers very narrow bandwidth, reasonably small size, and
is relatively simple to design and build.
The problem can be briefly summarized as follows:
a. A single filter is desired such that it would pass signals in the
range from 65 .97 M to 66.32 MHz.
b. At least 20db rejection is required at 65.2 MHz and 67.5 MHz and
beyond.
c. Power loss of about 3db is allowed at midband.
The theory of the design can be found in Reference 6. The design procedure
uzed is based on the procedure presented in Reference 7; the same nomen-
clature is utilized here to facilitate clarity. Physically, the filter is
designed for the 70 MHz c`nter frequency to be tuned-in by dielectric
plungers inside the coils. A three-chamber square cross section construc-
tion is utilized. The following is the summary of design equations for
detailed explanations and graphs refer to Reference 7.
OW
Center frequency
3 db bandwidth
22 db bandwidth
BW (22db)	 2. 4
BW	 - 1^
70 MHz
1 MHz
2. 4 MHz
= 2.4 rejection ratio
Q loaded	
= 0.15Q unloaded
Q unloaded = fo
TB_W)
Q unloaded 
=	
70	
= 466x	 Q loaded	 1 x 0.15
C"
Design for Q of 750 unloaded
S = Q unloaded =
	
750
60 if
	 60 70 = 1.49 inches section size
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responsemin = 2.4 for a Butterworth resq	 P
Q min = q min f  = 2.4 -7^0 = 168
U	 Q unloaded	 ?50 =	 47
_ - in = TO
Loss L db = 20 log 4.47- 1 = 2.2 db
Total actual loss = (2.2 db) (1.09) = 2.48 db
Cavity height, H = 1.6(S) _ (1.6) (1.49) = 2.38 inches
Number of turns, N = 1600	 = 15.3 turns7049
pitch, n	 1600	 = 10.3 turns/inch(1.497 70
Coil diameter d = 0.63 S = (0.63) (1.49) = 0.94 inch
Wire diameter = (0.5) (n) = 10,5
	
in= 0.0485 ch
use wire no. 17 or no. 16
Coupling coefficients k12 = k23 = 0.707 (see Reference 8)
mean shield diameter D = (1.2) (1.49) = 1.79 inches
2
1 = 0.025 n2 d2 [1_ D	 = 1.7 microhenrys/axial inch
Coil inductance, L = (1) (s) = 1.7 (1.49) = 2.53 micrc,nenrys
Mutual Inductances
M	 M	
L BW 
= 0.0124 microhenrys12	 21 = kx2xfo
From graph, opening size h 12 = h 2 = 0.475 (Reference 7)
Shield length = (1.3) (1.49) -0.475 = 1.46 inches
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ILTER DESIGN8.6 TEST RECEIVER ACTIVE LOOP F
As has been mentioned previously in Paragraph 6.8, the 10,200-second time
constant required in the test receiver loop filter had presented a prac-
tical problem that required a special solution. A simplified schematic
diagram of the approach utilized is presented in Figure 8.6-1.
Feedback Network
1 ra	 rcI	 b
^	 1
1 R2	
_ C
Input Network	 ^—
	
el ^—----—-- 
	^
e3
ra	 rc	 I	 e2
I	 rb	 1	 Operational
Amplifier
	
.^	 + Load
Figure 8.6-1	 Active Loop Filter Diagram
In Figure 8.6-1. the resistive portions of the feedback network and the
input network are absolutely identical. The do ,gain e2/e1 of such a system
is, of course, unity, provided: a) -the differential input impedance of
the operational amplifier is much higher than, and b) the source impedance
driving el is much lower than the associated shunting resistors.* The
capacitor C is a determining factor in the time constant, houcver, it does
not enter into the quiescent gain computations, and has been included
primarily to illustrate just where it fits in this scheme. R2 is the
resistor needed to complete the loop filter. The long time constant
AM
For proof refer to any elementary text on feedback theory.Ar
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achieved by this method is generated by means of the effective resistance
magnification by the familiar T-n or Y-0 Transformation. In both the
input and the feedback network, the same transformation applies as illus-
trated in Figure 8.6-2.
ra	 rc
	 Rb
rb
•
T or Y network n or 0 network
Where, Rb rarb + rarc + rbrc
rb
etc.
Figure 8.6}:,•2 	 Illustration of T-n or Y-0 Transformation
The following resistor sizes have been used in the C and X-band receiver:
ra = rc = 5.11 megohms, rb = 107 K ohms. Application of the transformation
formulas yields the following equivalent resistor values: Ra, = Rc = 5.32
megohms, Rb = 254 megohms. Applying to the network of Figure 8.6-1 the
,above developed transformed resistor values and combining the resistors
appearing in parallel intc single resistors, the network shown in Figure
8.6-3 results. The transfer function e2/el is given by:
e2	 1+SCR2	 1+SCR2
el	 1+SC Rl+	 1+SCR1
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Figure 8.6-3	 P4ctive Loop Filter, Equivalent Schematic
Resistors R1 and R2 in Figure 8.6-3 are identified in a manner standard
in phase-locked loop analyses. Clearly, the equivalent 254 megohm re-
sistor appears in the feedback path in shunt with the capacitor, thereby,
setting the required time constant. It is to be understood that the
components used should be of fairly high quality if satisfactory loop
performance is expected. In the C and X-band test receiver carbon-film,
1-percent precision, moisture-proof resistors made by Dale are used.
The capacitors used are made of polycarbonate, 1/2-percent tolerance,
100 volt-rating manufactured by Component Research Co. The operational
amplifier used is manufactured by P'hilbrick Researches. It features a
differential input impedance of (10) 11 ohms and input drift of 50 micro-
volts per day under ambient conditions. In the case of the 20 cps loop
noise bandwidth, four 10-microfarad capacitors are connected in parallel
in place of C. the time constant this arrangement yields is given by:
(R) (C) = 254 x 106 x 40 x 10-6 = 10160 seconds
s
	
8-37
PMILCO
	
!pace 4 Aoyntry
PMILCO.P	 - N NIT-0N
	
syeteme Divislon
9
t
f
_I
TR-DA1565
which is close enough to the 10200 seconds required by calc- ,,lations in
Paragraph 4.3.3.1. It is of interest to note that the cost of the whole
network including the resistors, the capacitors, and the operational ampli-
fier is less than $200.
In applying this design approach one must be careful to consider how much
d-c drift is introduced by the operational amplifier to make sure it does
not interfere with the system performance. In the test receiver, point el
is driven by 'the phase detector whose detection constant is equal to 0.214
volt/degree in the C-band case, and 0.107 volt/degree in the X-band case.
Referring to Figure 8.6-3, observation shows that considerable attenuation
takes place from el to e3 before the signal is amplified back up to e2
with unity gain overall.
Actual attenuation e3/el is given by:
e32.66
	 1
i = 2. M_+W
AN	 Thus, in the X-band case (which is the worst case) the equivalent detector
constant appearing at e3 is reduced down to 1.1 millivolts/degree. At this
point in the circuit, comparison and computations can be made of effects of
the amplifier drift. Referred to the amplifier input, which is e3, the
amplifier drift is expected to be less than 50 microvolts per day, the
noise is even less, namely, 5 microvolts peak-to-peak in the range of
0.016 to 1.6 Hz.
Combining the 1.1 millivolts/degree equivalent detector constant with the
50 microvolts drift voltage, the equivalent drift in degrees can be com-
puted as follows:
Phase Drift = 50 x 10 -6 	volts	 = 0.045 degree,
1.1 x 10- 3 volts degree
.
This additional worst-case phase drift is considered quite acceptable for
the test receiver. To change the loop noise bandwidth in the receiver,
the series CR2 networks are switched. Since the 20 cps bandwidth requires
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the largest time constant, the other capacitors become progressively
smaller for larger loop bandwidths. The resistive T-network in the ,feed-
back path is not switched and remains the same for all bandwidth selections.
For complete test receiver circuit mechanization refer to Figure 7-5 of
the C and X-Band Transponder Test Set Operation and Maintenance Manual,
MT-DA2450.
It should be pointed out that as an added bonus this active loop filter
makes the junction between the loop filter and the voltage-controlled
oscillator, which it ultimately drives, a low impedance point (less than
5K ohms). This is advantageous for several reasons: (a) the VCO does
not require a very large d-c input impedance, (b) the modules can be lo-
cated relatively far apart without any associated dangers of pick-up,
(c) monitoring circuits can be connected to the same point without any
fear of loading and upsetting the closed-loop performance of the receiver.
I
r
It,
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